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A ampere
AES, Auge: Auger electron spectroscopy
AFFF aqueous fire fighting foam
ARC accelerating-rate calorimetry
A/sec. amperes per second
BRL Ballistic Research Laboratory
C centigrade
Ca calcium
Cl chlorine
cm. centimeters
DMC Distinct Motion Code
DOE Department of Energy
DPA diphenylamine
EDPM elemental distribution photomicrograph
EMPS electron microprobe analysis
ESD electrostatic discharge
ft. foot
FTIR Fourier transform infrared spectroscopy
ft.-lb. foot-pound
ft./sec. foot per second
GAO General Accounting Office
GC/MS pas chromatography/mass spectroscopy
ICP-A]:S inductively coupled plasma-atomic emission spectroscopy
IG-1 IOWA Turret 2center gun
IG-2,3 IOWA Turret 2 let andright gun
in. inch
J joule
kg. kilogram
kin. kilometer
lb. pound
LC liquid chromatography
m$.. milligram
to1l. 0.001 inch (thousandths of one inch)
mJ. milijoule
MPa mega Pascal
MRE meals-ready-to-eat
m/sec. meters per second
msec. millisecond
n number of analysis
NC nitrocellulose
NOS Naval Ordnaiice Station
NNSY Norfolk Naval Shipyard
NSWC Naval Surface Warfare Center (D:ilgren)
NWSC Naval Weapons Suppoit Center (Crane)
P-GC/MS pyrolysis gas chromatography/mass spectroscopy

iii
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PE polyethylene
PET or PE-PET polyethylene terephthalate
si pounds per square inch

V range
sec. second
SEM scanning electron microscopy
SNL Sandia National Laboratories
USN United States Navy
VISAR velocity interferometcr system for any reflector
wt.% weight percent
WWII World War 11
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Introduction

Introduction

On April 19, 1989, an explosion occurred on the battleship USS IOWA in the open
breech of a 16-in. gun, killing 47 crew members. In its investigation of the
explosion, the US Navy (USN) concluded there was evidence of "foreign material"
in the cannelure of the rotating band that spins the projectile on firing. In this
incident, the projectile was driven a short distance up the barrel by the open-
breech explosion, but remained in the gun.

From subsequent open-breech tests the USN concluded that the "foreign material"
was replicated only when a chemical ignition device was present. The USN
prcposed that the explosion was initiated by a chemical igndtion device consisting
of calcium hypochloritc, brake fluid (or a similar material) and steel wool, and that
it was placed by a crewman between the bags of propellant that were rammed into
the gun. The USN report stated that, "the residue found in the IOWA rotating
band cannot be duplicated by simple contamination of the gun chamber with steel
wool and other chemicals normally present in a gun firing."

In late 1989, the General Accounting Office (GAO) asked Sandia National
Laboratories (SNL) to examine the adequacy of certain aspects of the USS IOWA
investigation. On November 22, 1989. Dr. Albert Narath, President of SNL,
agreed that Sandia would consult with the GAO and undertake a techrnical study,
pending Department of Energy (DOE) authorization. Dr. Roger L. 11agengruber,
Vice President of Defense Programs, SNL, was assigned responsibility for
managerial oversight for this activity and for coordination with the DOE. Dr.
Richard L. Schwoebel, Director of Systems Evaluation, SNL, was assigned the
technical lead. SNL was asked to: 1) exai ine picces of rotating band and the 16-
in. projectile from the gun for evidence of "foreign material" that might be related
to a chemical ignition device; 2) test gun powder from the USS IOWA's magazine
and from the same lot obtained elsewhere to ascertain the stability of the material;
and 3) review the scope and methodology of the USN's technical investigation and
examine other physical evidence that the USN believed supported its conclusions
about the probable cause of the explosion. SNL first reported its findings at a
Senate Armed Services Committee hearing on May 25, 1990, and released its
initial report, Sandia National Laboratories' Review of the USS IOWA Incident.
Julie 1990.

The initial Sandia National Laboratories' report concluded: 1) the presence of a
chemical ij[.lition device could neither be proved nor disproved, although all the
"foreign materials" except the steel wool fibers were s0 iwn to be normal
components of battleship turrets; 2) the stability of both the propellant and black
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Introduction

powder was within acceptable limits and there was only a remote possibility the
black powder could have been initiated by friction, electrostatic discharge or
electromagnetic radiation; 3) the powder bags were overrammed against the
projectile and the extent of the overram was determined; and 4) that a potentially
important factor in the explosion was a previously unrecognized sensitivity of the
powder bag train to overram when there is a reduced number of pellets in the trim
layer(s) of the powder bags. SNL experiments indicated that a reduced number of
trim layer pellets lying iiext to the black powder pouch could result in an explosion
if ovcirammcd, and that the probability of an explosion increased with the speed of
the overram. SNL recommended that these experiments be extended to actual 16-
in. gun conditions to establish the validity of this ignition mechanism.

At the conclusion of the hearing before the Senate Armed Services Committee,
SNL was asked to continue its work and to participate with the USN in the
reopened investigation of the incident.

This final report documents SNL findings of work performed since May 25, 1990.
Detailed documentation of work described here will be found in SNL reports that
were in preparation at the time this report was written.

2
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Executive Summary

Executive Summary

Introduction

Sandia National Laboratories' continued investigation of the explosion in the
center gun in Turret 2 of the USS IOWA on April 19, 1989, has had three
important thrusts.

The first has been to establish reference measurements for "foreign materials"
found on the rotating band of the projectile in the center gun. These
measurements were used to examine the US Navy's conclusion that these materials
were the fingerprint of a chemical ignition device placed between the powder bags
that were rammed into the breech of the gun.

The second has been to examine impact initiation of propellant caused by the
fracture of pellets adjacent to a black powder pouch. These analyses were used to
reexamine the USN's conclusion that "impact and compression of the bag charges
were not contributing factor," in the IOWA incident."

hlic third has b-en to further examine the overram that occurred in the center gun.
This included studies of rammer motion as it was blown out of the breech, internal
markings produced by the buffer in the rammerhead, powder bag compression and
rammer handle motion. The results of these analyses were relevant to determining
thc extent of powder bag compression against the base of the projectile and
helping to establish if a static overram occurred. In addition, analyses of the
displacement of the rammcrman's seat have been used to better understand
damage to the rammer handle quadrant.

The studies reported here have drawn heavily on the extensive USN investigation
of the incident, and that work served as a valuable basis on which to extend certain
elements of the SNL investigation. The SNL investigation did not include, for
example, exhaustive studies of the operating mechanisms in the gun room such as
the rammer, powder hoist and powder door. These mechanisms were found by the
USN to be in proper operating condition at the time of the explosion and were
apparently not associated with the cause of the explosion. An unexplained
observation related to these mechanisms was the unlowered position of the powder
car at the time of the explosion. This observation will be briefly discussed in the
conclusion of this section of the report.
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Foreign Materials

Further studies have shown that all of the so-called "foreign materials" found in the
cannelure of the rotating band of the projectile in the center gun of Turret 2 are
also found in the forward grooves of the projectile. i.e., in a region protected from
the explosion. These materials are also found to varying degrees in the same
"regions of the projectiles that had been rammed into the left and right guns of
Turret 2 prior to the explosion in the center gun. That is, the presence of' oreign
materials" identified by the USN is not a unique indicator that the hypothetical
chemical ignition device was present in the center gun.

1. The hypothetical chemical ignition device was postulated by the USN to be
the source of iron fibers found on the rotating band of the center gun
projectile. However, steel wool has been found in key locations on all three
of the projectiles removed from the 16-in. guns of Turret 2.

2. Steel wool fibers found on the rotating bands of these projectiles cannot be
distinguished from each other based on their morphologies. Size
distributions of fibers found in various locations are also statistically
indistinguishable. Compositional details of the steel wool indicate that it
came from more than one source. That is. the steel wool apparently same
from more than one pad of steel wool. not from a single pad as would be
expected had a chemical ignition device been present.

3. Iron fibers found in the forward grooves of the rotating band of the center
gun projectile are indistinguishable from fibers found in the cannelure.
Fibers in the grooves could not have resulted from explosion products
because the grooves were protected from the explosion by the seal formed by
the rotating band fin. It is also unlikely that steel wool in the forward
grooves could have resulted from contamination following the explosion
because the grooves were scaled when the projectile was forced forward in

4 •the barrel.

Conclusion: Steel wool A-as found in the cannelures and forward grooves of
the rotating bands of all three projectiles in the gun rooms of Turret 2. The
steel wool In the cannelure of the projectih in the center gun was
Indistinguishable from that found In the forward grooves, and was also
Indistinguishable from that found on the other two projectiles. TW!
observation of iron fibers in the rotating band of the prr jectile frrv,' the
center gun Is not a definitive Indicator of the presence of the hypothetical
chemical ignition device.

4
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Executive Summary

4. Ballistics modeling indicates that iron fibers of the size found in the
cannelure would have been physically altered by the high-temperature
explosion. Had any fibers been deposited in the cannelure, it is expected that
they would have had a melted appearance and exhibited rounded surface
features consistent with exposure to temperatures in excess of the melting
point. None of the fibers recovered from the cannelure of the center gun
projectile had such an appearance. Ballistics modeling also indicates that the
flow of rapidly expanding gases from the point of ignition would tend to carry
fibers away from the cannelure. This modeling is consistent with the
observation that very few steel wool fibers were found in *he rotating bands
of projectiles used in full-Fcale tests in which a chemical ignition device was
used to initiate an explosion.

Conclusion: The physical appearance of fibers found in the cannelure is not
consistent with that expected of fibers exposed to temperatures above the
melting point. The relative absence of steel wool in the cannelure following
full scale field tests using a chemical lw,nitlon device to initiate an explosion
is consistent with ballistics modeling that predicts the general flow of gases
away from the cannelure. These and other results regarding fibers suggest
that the steel wool In the rotating band of the center gun projectile was
present before the explosion and is unrelated to its cause.

5. The presence of an encrusted iron fiber in the cannelure was emphasized by
the USN as being a unique signature of the presence of a chemical ignition
device based on their field tests. USN measurements of higher-than-normal
quantities of calcium on a single encrusted fiber were not corroborated
because that fiber and any similar ones were not available for analysis by
SNL

Conclusion: The encrusted fiber described in the USN report appears to be
one of a kind and is not representative of the many other fibers found in the
cannelure.

6. With the exception of the single encrusted fiber, all measurements of the
surface quantities of chlorine and calcium on iron fibers taken from the
cannelure of the center gun projectile are comparable. These quantities are
similar to the surface quantities of these elements observed on iron fibers
from the projectiles that were in the left and right guns of Turret 2. These
quantities are also similar to those found on fibers recovered from tie
forward grooves of the rotating band from the center gun projectile, i.e.,
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fibers that were isolated from the explosion. Substantially higher quarntities
of chlorine were measured on iron fiber and cannelure surfaces of projectiles
from field tests using chemical ignition devices than on fibers taken from the
cannelure of the centei gun projectile.

"7. Debris and grease from the forward grooves and cannelures of projectiles
from the left and right guns of Turret 2 contain significant levels of calcium
and chlorine. These levels are similar to the levels found in the debris taken
from the cannelure of the center gun projectile.

Conclasion: The observed quantities of chlorine and calcium on iron fibers
and in debris from the cannelure of the center gun projectile are similar to
the quantities of these elements on iron fibers and In debris found elsewhere
in the turret. The observed quantities of calcium and chlorine are not
definitive indicators that the hypothetical chemical Ignition device proposed
by the USN was present in the center gun. If a device of this kind had been
present, substantially higher quantities of chlorine on surfaces of fibers In
the cannelure would have been expected based on USN field tests,

8. The USN found glycols in the cannelure and concluded that they were
constituents of brake fluid or a similar material that may have been used in
the hypothetical chemical ignition device. It has been found that these same
glycols ire present in Break.FreeTM, a liquid routinely used to mai tain the
16-in. guns on the USS IOWA.

9. A large quantity of Break-FreeTM was used to help remrnve the projectile
hor the center gun following the incident. Break-FrccrIm apparently leakcd
into the cannelure, contaminating it with several of the constituents that the
USN concluded came from the hypothetical chemical ignition device.

10. These glycols are also constituents of grease residues found on other
projectiles from Turret 2.

Conclusion: The glycols are constituents or Break-Freelm used in the
routine maintenance of the guns, and are also found in grease residues on
the projectiles. A large quantity of Break.FreeTM was used to help free the
projectile and apparently leaked into the cannelure. The presence of these
glycols does not demonstrate that the hypothetical chemical Ignition device
was present.
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11. The USN postulated that a single PE-PET fragment, believed to have been
found in tlhe projectile's cannelure, came from a plastic food bag that
contained the hypothetical chemical ignition device. It has been found that
the sampling procedure used by the USN did not document that the fragment
came from the camnelure of the projectile. Further study also shows that
DacronTM fibers covered with Break-FreeTM canl produce a P-GC/MS
spectrum indistinguishable from that of the PE-PET fragment identified by
the USN. Such a fragment could have come from several sources, including
the DacronTM bore brush sock used to clean the gun.

Conclusion: The USN did not document that the P.-PL'T' fragment came
from the cannelure of the projectile. The PE-PET fragment does not support
the presence of the hypothetical chemical ignition device.

12. SNL found inorganic particulate materials in debris from the forward
grooves of projectiles from the center gun and one other gun in Turret 2.
"Thes, particulates were similar to many of the materials identified in the
cannelure of the center gun projectile and included paint chips, sand and/or
glass, metal fragments, iron fibers, and high-temperature 8raphite.

13. The high-temperature graphite particles found in the cannelure and forward
grooves of the center gun projectile and the forward grooves of IG-2, are
indistinguishable from graphite inclusions in the cast iron projectiles.

Conclusion: Snimlaritles In the Inorganic particulate round in both the
forward grooves and %e cannelure of the projectile from the center gun also
suggest that this debri,, along with the steel wool, was present before the
explosion. The observation of Inorganic particulate does not support the
presence of the hyl ithetical chemical Ignition device.

Overram of Powder Bags

In normal operation, the powder bags are pushed slowly wiih the rammer
(I to 2 ft./sec.) until the rear of the last bag is just inside the breech of the gun.
For a five-bag charge, such as was used at the tinie of the incident, this leaves a
space of at least 17 in. between the front of the bags and the base of the projectile.
In the USS IOWA incident, it was found that the powder bags were overrainmned
so thl;at there was no space between the bags and the projectile.

7
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1. The position of the rammerhead at the time of the explodion was determined
by correlating gouges in the spanning tray with specific links in the rammer
chain. The overram was determioed to be 45.75 :. 0.1 in. beyond the breech
face if there was no compression of the rammerhead buffer, or
48.2.5 j_ 0.1 in. it there was full compression of the buffer.

Conclusion: The extent of the overram was approximately 5.5 In. beyond
that determined by the USN, and compressed the five powder bags
approximately 1.1 In. against the base of the projectile. A substantial
overram of the powder bags occurred in the center gun.

2. The USN observed after the explosion that the rammer handle was in a
position corresponding to a ram speed of approximately 1.7 ft./sec. and
concluded that ramming occurred at normal speed. However, possible
collision of the rammerman's seat with the rammer handle and transients
introduced into the rammer system by the explosion could have produced
substantial movement, resulting in virtually any position of the rammer
handle after the explosion.

Conclusion: The position of the rammer handle following the open breech
explosion cannot be definitively related to the ram speed prior to the
explosion.

3. The USN has suggested that ramming took place at slow speed based on
marking of the quadrant by impact of the rammerman's seat. SNL analyses
of the rammerman's seat motion shows that the first impact of the seat occurs
with the aft quadrant mounting pad. This appear s to be supported by a
photograph of this region (f the quadrant mounting pad. In addition, these
analyses show that the aft leg of the seat contacts the rammer control lever.
Both of these contacts occur before the front of the seat has rotated
sufficiently to cause impact with and marking of the quadrant.

Concluslon: The marking of the quadrant is not a definitive Indicator of
ramming speed because the quadrant could have been dislodged from the
bulkhead by the impact of the seat. In addition, the rammer lever could also
have been moved prior to the marking of the quadrant.

4. Measurements by the USN have determined the average uncompressed
length of five powder bags and the nominal projectile seatijng distance. A
refined dynamic model b3 SNL has been used to show that it is impossible to

8
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establish the speed of the overram because of the large variability in the
length of the powder bags.

Conclusion: The uncertainties of powder train length and projectile seating
distance make it impossible to determine the rammer speed from the
compression or the powder bags and the gouges in the spanning tray.

5. The SNL interpretation of gouges on internal surfaces of the buffer in the
rammnerhead is that the buffer was 1/4 in. short of full compression when the
open breech explosion occurred. That is, the buffer was not fully compressed
at the time of the explosion. However, it was observed in one of the open
breech field tests that the statically held rammcrhead moved forward after
ignition but prior to the blast.

Conclusion: The buffer marks cannot be used to conclusively determine the
speed of the overram.

Initiation Sensitivity

1. The propellant and black powder were both found to be within the
acceptable range of stability. Stabilizer levels in propellant pellets were also
within acceptable limits based on USN requirements. SNL evaluations
indicate that the possibility that the explosion could have been caused by
electrostatic discharge, electromagnetic radiation, and th( nal or friction
effects is negligible.

Conclusion: TIhe age and stability of the propellant and black powder were
not factors In this explosion.

2. A powder bag is brought to the correct weight by placing several pellets on
their side in a trim layer at the front of a powder bag. SNL postulated from
reduced-scale tests that powder bags in 16-in. guns could be initiated by a
high-speed overram, a process that can fracture pellets in the trim layer of
one bag, igniting the black powder pouch of the adjacent powder bag. The
USN confirmed this effect in full-scale tests.

Conclusion: Trim layer pellets fractured by a high-speed overram can Ignite
the black powder of the adL'acent powder bag and lead to an explosion.

9
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3. It was found that trim layers containing one to approximately twelve pellets
are more sensitive to ignition in an overram than trim layers containing
larger numbers. The lot of D846 prppellant aboard the USS IOWA at the
time of the explosion included bags with trim layers containing from zero to
sixty-three pellets. The distribution of the trim layer pellet count was such
that, in five bags randomly selected from this lot, the probability was 0.166
(one in six) that one or more of the rear four bags would contain from one to
twelve pellets in the trim layer.

Conclusion: The probability was 16.6 percent (one in six) of selecting a
group or five.bag charges from the propellant lot abl:ird the USS IOWA that
was sensitive to ignition by overram.

4. The probability that an overram at 14 ft./sec. will initiate a five-bag powder
train that includes at least one bag with one to twelve trim pellets is
nominally 0.087 (one in eleven). Given the statistical uncertainties, this
probability could be as high as 0.39 (approximately one in three). These
probabilities were calculated using data provided by the USN from full-scale
studies in a gun simulator and also data from the other (approximately 600)
tests.

Conclusion: The irobability of Initiating a rive-bag powder train with at
least one bag with one to twelve trim pellets is nominally 0.087 (one in
eleven) in a high-speed overramn.

5. The probability of an explosion in a high-speed overram is the product of the
probability of having a sensitive combination of powde. bags (that is, at least
one powder bag with one to twelve trim pellets next to a black powder
pouch) and the probability of initiating such a combination.

Conclusion: The probability of an explosion in a high-speed overraw was
nominally 0.0144 (one in seventy) for rive powder bags randomly selected
from the lot aboard the USS IOWA at the time of the explosion. Given the
statistical uncertainties, the probability could be as high as 0.0639 (one in
sixteen).

6. There is another sensitive configuration of pellets that does not involve the
trim layer. Initiation occurred in one of five full-scale tests at high ramming
speeds when a single pellet was misplaced at the rear of the bag adjacent to
the black powder pouch. Subsequent examination of all the D846 propellant
bags showed that 3.39 percent of then: had a misplaced pellet at the rear of
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the bag. There may be even more sensitive configurations that can lead to
initiation of an open-breech explosion in an overram situation.

Conclusion: The presence of a reduced number of pellets in a trim layer is
only one configuration that can lead tv an explosion in an overram. At least
one other configuration, the single misplaced pellet at the rear of the bag,
can also lead to an explosion. The probability of explosion wTith this and
other configurations has not been fully explored.

Summary

The following summary statements of the SNL investigation are presented with
respect to the USN conclusion that a chemical ignition device was placed between
the powder bags by the gun captain and then initiated by a static overram.

4

"The USN reported that "the residue found in the IOWA rotating band cannot be
duplicated by simple contamination of the gun chamber with steel wool and other
chemicals normally present in a gun firing." This inch 'ed the presence of calcium,
chlorine, various glycols, inorganic particulato, and steel wool fibers found in the
cannelure of the center gun projectile and associated by the USN with a
hypothetical chemical ignition device. Studies at SNL .how that the foreign
materials identified by the USN in the cannelure of the projectile of the center gun
are indistinguishable from those found in other key locations within Turret 2.

Chemical constituents and steel wool fibers indistinguishable from those in the
cannelure wert found in the forward grooves of the rotating band of the projectile
in the center gu,; that is, in a region of the camnelure that was isolated from the
explosion. In addition, the same chemical constituents and steel wool fibers were
also found in th '-inelures and forward grooves of the rotating bands of
projectiles th;, • " the left :and right guns of this turret. These fibers were also
indistinguishabh.. - ,m those in the cannelure of the center gun projectile. Ihlese
and other facts sug&:est that the fibers and the various chemical constituents found
by the USN on the center gun projectile are unrelated to the explosion.

A substantial overram of the powder bags occurred for reasons that have not been
determined. Tliat is, the powder bags were forced against the base of the projectile
by the ranmner. This was determined from an analysis of the position of gouges on
the spanning tray. Based on the observation that the buffer in the ranmimrhead
was apparently not fully compresscd at the time of the explosion, the overran: may
have occurred at a Ihighier-than-nuJrnial-sl)eed. A further observation that tends to
support the concept of a higher-th. i-nornial-specd overrain was the unlowered
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position of the powder car. The normal procedure aboard the USS IOWA was to
lower the powder car immediately after closing the powder door. If the ramming
of the powder bags occurred at high speed, the upper powder hoist operator may
not have had time to begin the lowering of the car. If the ramming occurred at low
speed, the operator would have had approximately 20 to 30 seconds to begin this
process.

After the explosion, the rammer control handle was found in the 1.7 ft./see.
position. However, SNL analyses show that the position of the handle and damage
to the quadrant are not definitive indicators of the ramming speed.

It has been demonstrated In a full-scale simulator that a high-speed ovarram can
initiate powder bags and result in an open-breech explosion. This previously
unrecognized safety problem with 16-in. guns occurs when hot particles from
fractured propellant pellets ignite nearby black powder. While imoact initiation
cannot be proven to have been the cause of the explosion, these results raise
serious questions about the USN conclusion that "impact and compression of the
bag charges were not contributing factors in the IOWA incident." Impact Initiation
could have been involved since a significant overrani occurred.

A variety of scenarios for this incident have been explored, but they remain
unproven for lack of evidence, partially due to the violence of the explosion and
fire. Because of this, it may be difficult to ever fully resolve the many unknowns
and develop a clear and unambiguous explanation of the events that occurred
within the center gun room of Turret 2.

* It is concluded that there is no explicit physical evidence that the hypothetical
chemical ignition device was present in the center gun of Turret 2. It is also
concluded that a high-speed overrain is a possible cause of the April 19, 1989,
explosion aboard the USS IOWA. -[

Recommendations

Following are recomnmendations if future operation of 16-in. guns aboard the
battleships is anticipated:

1. Mechanisms for positive control of rammer speed and distanice should be
implemented as recommended in the interim report.
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2. Various other pellet displacements, including those at the rear of the powder
bags, should be explored to determine if there are additional sensitive
configurations that could lead to an explosion in an overram.

The USN has already implemented an earlier recommendation that powder bags
be redesigned to eliminate trim layers.
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Foreign Materials

As a result of its investigation of thc (April 19, 1989) explosion aboard the
battleship USS IOWA, the USN concluded there was evidence that "foreign
material" was present in the gun chamber of Turret 2 center gun during the USS
IOWA incident. From open-breech tests, the USN concluded that the "foreign
material" deposited in thc cannclurc of the USS IOWA projcctile rotating band
was replicated only when a chemical Ignition device was used to initiate the tests.
This chemical device incorporated calcium hypochlorite, brake fluid, and steel
wool. The USN stated that "the residue found in the IOWA rotating band canmot
be duplicated by simple contamination of the gun chamber with steel wool and
other chemicals normally present in a gun firing."

In the initial report, Sandia National Laboratories' Rfavicy' of thy USS IOWA
Incident. June 1990, it was concluded that the prcsence of a chemical ignition
device could neither be proved nor disproved. Some of the "'oreign materials"
identified by the USN were shown to be normnal constitucnts of a battleship turret
environment and evidence for the presence of a chemical ignition device was found
to be inconclusive.

Continuing studies at SNL show that the foreign materials identified by the USN in
the camnnlure of the projectile of the center gun are indistinguishable from
materials found In other key locations In Turret 2. These materials were present ini
Turret 2 of the USS IOWA as part of the ship-hoard environment, either as a
result of post-incident operations or as a result of pre-iticident contamination.
SNL studies show that none of these "foreign materials" call be uniquely associated
with a chemical ignition device. Supporting data will he cmowtained in a Itiure
cotmp rehensive SNI. reol)rt that is in prep)aratiton.

Altel nate Soul ces

The conclusions in the initial SNL report of May 1990 w,-re largely hased on
analyses of materials piritnarily trout three sources: 1) hackyroutd samples fiomit
gunl lIoms and turrets on the USS IOWA, USS NI.:W JEIkSI'Y, and USS
WISC()NSIN; 2) materials (for example, Break-lrec'tM) from UISN stoics that are
normally used in battleshilp gtin rooms; and 3) materials found in or associated with
the cannclure of the rotating band from the projectile iecwvered fromu the center
gun of Turret 2.
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At the time of SNL's initial investigation, SNL personnel were unaware of the
location of the projectiles that had been loaded in the left and right guns of
Turret 2 at the time of the USS IOWA explosion. The subsequent location of
these projectiles has led to studies of materials present on these projectiles and, in
particular, in specific locations on their rotating bands. For clarification, a
nomenclature assigned by Naval Weapons Support Center, Crane, Indiana
(NWSC-Crane) to identify the Turret 2 projectiles is used: IG-1 (IOWA Gun -
center, the projectile from the USS IOWA incident from which most of the
"foreign materials" data and conclusions were drawn), IG-2 and IG-3 (left gun and
right gun - which projectile was in which gun is not docunmnted). These three IBLl
(blind loaded and plugged) projectiles were part of a group of nine known
projectiles that had been reworked at a USN facility in Keyport, Washington, in
1982. The fact that three projectiles from the same rework group were loaded in
the three guns of Turret 2 on April 19, 1989, suggests that they had been subjected
to fhe same environment (i.e., contamination sources) from the time they left
Keyport. The evidence recovered from these projectiles, has an important hearing
on the significance of "foreign materials" found by the USN in the cannelure of
IG-1.

Iron Fibers (Steel WoolU

SNL's Initial investigation revealed iron fibers embedded in the rotating band
cannelure of IG-1 that had the appearance and composition of steel wool.
Subsequently, the cannelures and forward grooves (see Figure 1) of IG-2 and IG-3
rotating bands and the forward grooves of IG-1 have been examined. A wide
variety of particulate matrcrials, including iron fibers, were found associated with
grease recovered fromn these ac'eas. A photograph of some of the ir.n fibers found
in the fu.ward grooves of IG-2 is showni in Figure 2.

The forward grooves of 1(;-1 would not be contaminated by materials fr.m all
explosion in the gun chamber because of the gas seal formed by the rotating band
fin. T7hese forward grooves of IG-1 constitute a repository of background material
caused by pre-incident contamination of the projectile. The forward grooves of
IG-1 rotating band samples were opened by SNL and were found to contain the
same material contamninants, including iron fibers, as were found ill the cannelhre
of IG-1. The forward grooves and canimelures of IG-2 and IG-3 contained similar
mnaterials, but were not exposed to the blast because the breeches of the left anid
right gum were closed.
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X.1.11 VWac.A

As Loaded

Closure Finished

77igure 1. SchiemwicI: cross-section diagram of a 16 in. projectile rotating hand.

top): as loaded
bottomi: after Closure of thec cannelurc and fiji~vard grooves
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Figur-t 2. Iron fibers recivered from IG-2 forward grooves.
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Table 1 shows the location and number of iron fibers recovered from the Turret 2
projectiles and analyzed by SNL These are compared with the total number
(thirty-seven) of fibers foupd in the IG-i cannelure by SNL, NWSC-Crane, and
Norfolk Naval Shipyard (NNSY).

Table 1

Iron Fibers from Tu -,et 2 Projectile Rotating Bands

No. of Band Length*
Proiectile Loato iron fibers Sapld(in.)

IG-1 forward groove 77 12
IG-1 cannelure 37 32

IG-2 forward groove hundreds 6
IG-2 cannelure 12 25

IG-3 forward groove 14 25
IG-3 cannelure 1 25

"The entire length (circumference) of a rotating band is 50 in., but sampling was
limited either to the amount available (IG-1) or to lengths that ha! not been
previously sampled (IG-3, IG-2 cannelure). The exception was the IG-2 forward
grooves where sufficient material for analysis was obtained in 6 in. of groove length.

The iron fibers were analyzed by optical microscopy and scanning electron
microscopy (SEM) to determine their morphology and size distribution, and by
electron microprobe with wavelength dispersive x-ray spectroscopy to determine
their bulk composition. All of the iron fibers analyzed at SNL from IG-1 forward
grooves, and from IG-2 and IG-3, have the appearance, composition, and
microstructure of steel wool. SNL analyses show that the concentration of
manganese, the principle allcying element, varies sufficiently to indicate that the
steel wool fibers found in the cannelure and forward grooves of IG-I and IG-2
came from a source involving more than one pad of steel wool. That is, the fibers
in the cannelure of the center gun projectile were not the result of a single pad of
steel wool as would be expected if the hypothetical chemical initiator were present.

SNL measured the size distribution of the 77 fibers found in the forward grooves of
the IG-I projectile. These daita were obtained using the same measurement and
sampling techniques as were used on the IG-I cannelure. In Figure 3, the
distribution of the sizes of the fibers in the forward Y;ooves (Figure 3b) is
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compared to the distribution of fiber sizes found in the IG-1 cann-lure (Figure 3a).
Within experimental uncertainty, these distributions are identical. Our conclusions
from the fiber size data are that there is no difference in the sizes of the variouis
fibers found in the cannelure and in the forward grooves of the IG-1 projectile.

Subsequent to this work, NWSC-Crane has examined debris from the forward
grooves of IG-1 and IG-2 with a modified sampling technique and with increased
magnification. This work has located fibers or fiber fragments of smaller
dianieters than previously found. However, size distributions that include these
fibers %hould not be directly compared with fiber size distributions for the IG-1
cannelu ;e, since significantly different sampling methods were used to generate
that data.

IRON FIBERS FOUND BY NWSC-CRANE
IN THE IOWA CA '.URE

U,.

0

0
10 2.0 3-0 4.0 so

FIRER MAX. DIAMETER (MILS)

Figure 3a. Size distribution of iron fibers found in the USS IOWA cannelure by
NWSC-Crane.
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IRON FIBERS FOUND BY SNL + NWSC-CRANE
IN THE FORWARD GROOVES OF IOWA PROJECTILE

30 1-

25

U.

n-

015

0.

1.0 2, 30 4.0 5.0

FIBER MAX. DIAMETER (MILS)

Figure 31. Size distribution of iron fibers found in the forward grooves of USS
IOWA projectile (SNL + NWSC-Crane).

The almost total absence of iron fibers in the rotating-band carmelures of the
chemical-device-initiated test fires is evidence that fibers are unlikely to be
deposited in the cannelure if they originate in the powder charge. This conclusion
is supported by ballistics modeling (see the following section), which indicates that
few iron fibers of the diameter used in the tests would survive the fireball if present
in the powder charge. This conclusion is also supported by the morphology of the
fibers found in the cannelure of IG-1. The fibers found in the IG-I cannelure have
sharp edges, which are attributed to the cutting process used in the manufacture of
steel wool, and do not show evidence of surface melting. Based on this evidence,
SNL concludes that the iron fibers found in the cannelure of IG-1 were present in
the cannelure before the explosion and did not originate from a chemical ignition
device.

20

Page 28 GAO/NSLAD-91-4S U.S.S. Iowa Explosion



USS. Iowa Explosion

Materials Characterization

Calcium (Ca) and Chlorine (CI)

The initial SNL report demonstrated that small quantities of Ca and Cl are found
on most metal surfaces in the turrets of the USS IOWA, including rotating-band
cannelure surfaces and iron fibers from IG-1. Auger data obtained from analyses
at SNL, joint analyses with NWSC-Crane, and from the original NWSC-Crane
analyses all showed small quantities of Ca and Cl. The one exception was the
surface analysis of a single point on a single encrusted fiber reported by NWSC-
Crane, which showed high Ca concentration. This spectrum was atypical because it
was the only one out of approximately 40 spectra recorded that showcd high Ca. A
number of points were analyzed along an iron fiber from the IG-1 cannelure to
determine the point-to-point variation. These data indicated that the Cl
concentration was always low on iron fibers from the IG-1 cannelure, but particles
with high Ca concentrations could be found. Spectra obtained a few micrometers
distance from these particles showed low levels of Ca. That is, significant statistical
variation was observed depending on where the measurement was made. Figures 4
and 5 show a summary of Auger measurements of the concenLrations of Ca and C1
on the surfaces of iron fibers from sources related to the IOWA incident. From
these data, it is concluded that there is substantial variability in the concentrations
of Ca on iron fibers. The "encrusted" fiber that was used by the USN to assert high
Ca levels exist on the surfaces of fibers found in the IG-1 cannelure is not typical.
The only examples of high Cl concentration were found on surfaces of the rotating
band cannelure from chemical device tests at Dahlgren, and on an iron fiber from
one of those tests.

Subsequent to SNL's i-itial report, additional joint experiments were performed
with NWSC-Crane to analyze iron fibers for Ca and Cl. In addition, all of the
Energy Dispersive Analysis (EDA) data from SNL, NNSY, and NWSC-Crane with
respect to Ca 4nd Cl on iron fibers from the IG-1 cannclure were examined,
(approximately 160 spectra in all). SNL also analyzed iron fibers from IG-1 and
IG-2 forward grooves using Auger electron spectroscopy and electron microprobe
analysis (EMPA). These data further supported the initial results; i.e., low levels
of Ca and Cl are found on all of the iron fibers. This includes the fibers from the
IG-1 cannelure and the forward grooves of b)oth IG-1 and IG-2. Again,
microscopic particles with high concentrations of Ca can be found. I lowever, when
the analysis is performed on a spot just a few micrometers from the particle, low
levels of Ca are observed. Elemental distribution photomicrographs (EDPM)
show that these particles are not associated with Cl.
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Chlorine Concentrations On
Steel Wool Fiber Surfaces
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Figure 4. Calciun concentrations measured on steel wool fiber surfaces by Auger
spectroscopy.
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Calcium Concentrations On
Steel Wool Fiber Surfaces
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Figure 5. Chlorinc concentI.Ltions measured on steel wool fiber surfaces by Auger
spectroscopy.
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The debris that is found associated with the iron fibers from the forward grooves of
IG-1 and IG-2 has been quantitatively analyzed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) and found to contain significant levels of
Ca. These results indicate that the debris, which consists of grease and
particulates, may be a source of localized high concentrations of Ca on iron fibers.
The debris was also quantitatively analyzed by ion chromatography and found to
contain significant levels of Cl. The results of these analyses are shown in
Figures 6 for Ca and 7 for Cl. These figures also show data from debris found in
the rotating band cannelure of the projectile from one of the chemical device gun
tests.

These data indicate the variability of the concentrations that can be measured in
this nonuniform debris. They also indicate that the levels found in the IG-1
cannelure are generally consistent with those found in the forward grooves of IG-1,
and on IG-2 and IG-3 and with those found on rotating-band cannelure samples
from NSWC-Dahlgrcn opcn-brcech tests initiated with a chemical ignition device.

SNL concludes that highly localized surface concentrations of Ca can be found on
iron fibers from the USS IOWA projectiles. Microparticles with high calcium
concentrations are present both on iron fibers from the IG-1 cannelurc (exposed to
the explosion) as well as on Iron fibers from the forward grooves of IG-1 and IG-2
(not exposed to the explosion). Thus the presence of localized concentrations of
Ca on the iron fibers cannot be uniquely related to the blast environment or to a
hypothetical Ca-containing chemical ignition device. In addition, SNL finds that
the surface concentrations of Cl measured were much larger on surfaces exposed
to a chemical ignition device in the Dahlgren open breech tests than were
measured on any of fibers or surfaces from the IOWA projectiles. From these
additional data and our original results it is concluded that the available
information does not support the presence of a chemical ignitioi device containing
calcium hypochlorite fn the powder charge of the center gun of Turret 2 of the
USS IOWA.

Because of their age and previous handling, it was not possible to analyze the IG- 1
rotating-band samples for materials with a volatile component such as glycols.
SNL therefore concentrated on examining the d& a obtained by NWSC-Crane and
NNSY laboratories, and characterizing the background contaminants on the ship
to determine the relevance of any findings. This investigation showed that much of
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the data obtained in these early analyses can be explained by background
constituents and analytical or environmental variations.

I
Calcium Concentrations in

Rotating Band Residues (SNL)

Note Variation Quantitative Bulk
In Concentrat~ons Analysis by ICP-AES

1.0

0.5!

0.0
"I1k. / . "e 0 Q/% ~ 4t 4b "% .; - - , ,,.,•

Figure b. Calcium concentrations in dcbris from rotating bands.
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Chlorine Concentrations ini
Rotating Band Rcsiducs (SNL)

0.5
Quantitative Bulk Analysis

by Ion Chromatography

0.4
Note Variation

In Concentrations~0,3

0.1
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Figure 7. Chlorine concentrations in debris fromn rotating bands.
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SNL's initial report showed that of the three glycol compounds identified by
NWSC-Cranc, two are found in known background materials. Butyl carbitol, also
known as diethylene glycol butyl ether, and butyl ether glycol are both present in
Break-FreCeTM, which was used in great quantities in post-incident attempts to
remove the lodged projectile from the Turret 2 center gun. Butyl carbitol acetate
is a major component of B1reak-FreeTM and butyl carbitol is found associated with
the acetate. Butyl carbitol is also a major component of aqueous fire-fighting foam
(AFFF), which was used in Turret 2 innnediatcly following the incident. Butyl
ether glycol, the second glycol identified by NWSC-Cranc, il ailbu iuuiad ill Ink [juo1
the marking pens used to identify the band samples.

The USN identified the third compound as ethylene glycol phenyl ether. Working
fromi gas chromatography/mass spectroscopy (GC/MS) data obtained from
NWSC-Crane, SNL determined that the compound was phenol, a trace
contaminant in Break-FrecTm and also a known breakdown product of the
TenaxTu concentrating trap used in the GC/MS analysis of these samples at
NWSC-Crane.

Subsequent analyses at SNL showed that the grease found in the forward grooves
of IG-1 and IG-2 rotating bands was also a possible source of hutyl curbitol.
Grease samples from IG-1 and 10-2 were analyzed with Fourier transform infrared
spectroscopy (FiT7IR) and GC/MS. Butyl carbitol and butyl carbitol acetate were
found in the grease from these forward grooves.

The USN has suggested that the ratio of butyl carhitol to butyl carbitol acetate
found In the two samples that were analyzed at NWSC-.O'ane were much higher
than that found In Break-FreeTu. The butyl carbitol/butyl carbitol acetate ratio
found in methanol washes of the grease from the forward grooves of IG-1 and 1G-2
(0.6) Is higher than that found In the methanol washes of llreak.FreeTM soaked
rotating-band experiments (0.2) or a direct injection of Brcak-FreeTM ((1rob). This
ratio is also close to the ratio measured by NWSC-Crane on one of two methanol
wash solutions from IG-I rowtlng band cannelure samples. The other sample
appears to have an additional unresolved component that enhances the aplparent
ratio of butyl carbitol to butyl carbitol acetate. In either case, the data were
obtained for the purpose of qualitative identification of the components. SNL
concludes that the qualitative data obtained from the two measurements by
NWSC-Crane cannot be used to resolve relatively small quantitative differences
(X2 - X3) in these ratios. SNL investigations have also shown that several
analytical and environmental conditions further impede such a comparison. These
statistical, environmental, and analytical variations will be detailed in a
comnprehensive report on foreign materials.
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Additional SNL studies to characterize brake fluids showed that these fluids are
composed of several different glycols iii addition to butyl carbitol. The NWSC-
Crane data from the IG-1 rotating band samples were carefully scrutinized for any
such corroborating chemical evidence but none was found. TIhesc results suggest
that brake fluid was not a source of the glycols.

These results, plus the variety of alternate sources for these glycols, do not support
the identification of the glycols as "foreign materials."

One of the "forcign materials" identified by the USN was a single fragment of
poly(cthylcne)/poly(cthylcnc) terephthalate (PE-1i.-i') presumed to have come
from a Seal-a-MealTM or Meal-Ready-to-Lat (MRL) plastic bag. Following the
release of the initial SNL report, it was learned that the PU-I'ET fragment had
been found in filtered residue that remained after a sample from the rotating baud
had been dissolved In nitric acid at NWSC-Crane (i.e., the fragment could not be
uniquely traced to the cannelure). Because the original location of the IE-PET
fragment cannot be detcrmined, It cannot be considered "forcign material." SNL
did not find any PE-PET on samplei of the IG-1 rotating band cannclure.

SNL personnel reviewed NNSY analyses of IG-1 samples for evidence of PL-AI.LT.
Of seven particles that appeared to be "plastic" and were analyzed by direct
insertion probe/mass spectrometry, three spectra showed only air background.
Data from the other materials indicated only the presence of hydrocarbons. SNL
personnel, in cooperation with NNSY personnel, analyzed Scal-A-Meall'M ('Iu-
P1T) at NNSY, using NNSY instrumentation. None of the spectra fromn the sevel
IG-1 particles, previously analyzed at NNSY, rcsembled Scal-A-McalT'M.

There is no evidence to indicate that particles or fragments oi a IL'-i'T scalable
bag were found in the IG-1 cannelure. Experiments at SNL have also shown that
materials known to have been in the gun can produce data similar to that for PE-
PUT. A combiuation of Break-FreeTM (which contains poly-alpha-olefin oil, a low
nmlecular weight analog of polyethylene) and fibers from the bore In ush sock
(PET) produces a p)yrolysis/GC/MS slecctra similar to 13-l'EIT.

Finally, SNL found a fragment of" PE-PET on the rotating band of one of the
NSWC-Dahllgren open-breech tests initiated with a chemical device. According to
USN records, polyethylene (P1) not a -I'I-3.T laminate was used iii this chemical
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device. SNL believes that this obscrvation of PE-PLT in a test where no FE-PET
was used Is another indication of background contamination.

Particulate Debris

SNL analyzed particulate materials found in the IG-1 cannelurc and comparcd
these results with those obtained from analyses of debris found in thc forward
grooves of 1G-1 and IG-2. A variety of particulates were observed as contaminants
associated with the grease found in these grooves. "1he-se particulates were similar
in appearance to many of the materials previously identified in the cannclure of
IG-1 and included paint chips, sand/glass, metal chips, polymer/organic materials,
and steel wool fibers.

"1he presence of "Pyrcx'M" type glass particles was reported by NWSC-Cranc as
possible evidence of a chemical ignition device. The evidence for this
identification was semiquantitative analyses of insulating particles found in the
cannelure of IG-1 for silicon and aluminum. However, no structural information
was obtained to distinquish crystalline minerals from glass particles and there was
no attempt to measure the boron content of the particles. The presence of boron is
a distinguishing feature of "PyrexT'm" glas. SNL analysis of particulate materialb
from the IG-1 cannelure, found most ol the insulating particles to be crystalline
silicate or alunuino-silicatc minerals. Only one glassy particle was detected. SNL
concludes that there Is no available data to support the presence of"'TyrexTM" type
glass particles in the IG-1 cannelure.

As mentioned in the initial SNL report, flakes of graphite were also observed in
debris from the IG-1 caunelurc. The graphite was identified as a high-temperature
material by Runiala spectroscopy and Raman analysis showed it to be
indistinguishable from graphite in the cast iron projectile. Similar graphite flakes
associated with the grease were found In the forward grooves of IG-1 and IG-2.

The presence of shnilar types of paz titles Ii the forward grooves of the IG-1 and
IG-2 rotating bands and the similarities to those observed in the cannelure of I-1
suggest a common source of contanilation for these projectiles.

SNL's continuing investigation has determined that the materials classified by the
USN us "loreib,'i materials" in ii., caunclure of the center gun projectile were also
found in other locations in Turret 2 that were not exposed to the explosioni. With
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the exception of the material identified by NWSC-Crane as PE/PET, all of the
"foreign materials" found in the IG-1 cannclure, identified by the USN as unique to
a chemical ignition device, were also found in the forward grooves of IG-1 and
IG-2. The presence of these materials in the forward grooves as well as the IG-1
cannelure, argues that pre-incident contamination, was a source of these materials.
T7he incident of April 19, 1989, would have affected only the IG-1 cannelurc.
Additionally, SNL modeling studies suggest that iron fibers, of the diameter
recovered from IG-1. could not have been deposited in the cannelure by the
explosion.

1he evidence from SNL chemical analyses and modeling studies suggests that the
"foreign materials" found in the IG-1 cannelure were not produced by a chemical
ignition device, but were the result of pre- and post-incident contamination.
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Heat Transfer to "Foreign Material" Fibers

This section addresses the effects of heat transfer on the "foreign materials"
removed from the projectile rotating-band cannelure following the USS IOWA
incident. Iron fibers were recovered as possible evidence of a hypothetical chemical
ignition device placed within the propellant powder charge. The significant feature
of these fibers is their small size, typically, 1.5-mil. diameter. These fibers were
observed to have irregular surfaces and sharp edges (see Figure 8) and show no
evidence of surface melting. Furthermore, they retained sufficient mechanical
integrity to indent the copper cannelure during closure. If the origin of these
materials was a chemical ignition device, fibers would have been exposed to a
violent combustion environment and subjected to intense heat transfer. SNL
studied the extent of the heat transfer and eutimated the temperature histories of
the fibers that would have, according to the USN scenario, passed through the
combustion environment to the projectile cannelure.

Figure 8. A photograph of an iron fiber.
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From earlier interior ballistic modeling of the combustion within the open breech
gun. it was determined that the onset of rapid combustion, sufficieut to produce
closure of the projectile cannelure, occurred after a time duratian of approximatel)
50 msec. as given in the initial report, Sandia National Laboratories' Review of the
LISS IOWA Incidert- June 1990. (The delay time of ignition is not included hence;
the time duration of the combustion event is longer.) The combustion environment
is conservatively estimated to be approximately 1750"C.

It has been proposed that fibers, originating from a hypothetical chemical ignition
device, could have been transported to the rotating band cannelure by two means.
If the fibers were ejected ahead of the flame fireball, they would have escaped thc
heat transfer from the combustion gases. However, ballistic calculations of fibers
with approximately 1.5-iril. diameter, propelled at the speed of sound
(approximately 300 m/sec.). indicate that fibers would not reach the cannelure
unless the chemical ignition device was within a few inches of the cannelure. Small
fibers would more likely have been transported by the combustion gases. These
fibers would have been immersed in the hot turbulent environwment and exposed to
temperatures above the fiber melting point. Furthermore, the most probable gas
flow path was out of the open breech of the gun rather than toward the stagnation
region of the projectile base. Significant gas flow into the cannelure requires that
the seal between the cannelure fin and the gun barrel be incomplete. Blowby of
combustion gases in these flow paths is considered to be unlikely.

Beyond the question of the transportability of tL.e fibers into the cannelure. the
fibers must have experienced some effects from heat transfer associated with tle
propellant combustion. Heat transfer calculations incorporating the effects of
convective and radiative exchange were made assuming the fibers had cylindrical
geometry of various diameters. The effects of ablation and phase change were not
included in these calculations.

Figure 9 is a plot of the temperature history of various diameter iron fibers exposed
to the combustion environment. Fiber surfaces with sharp edges will experience
enhanced heat transfer and may have higher localized temperatures. This figure
shows that fibers with approximately 1.5-mil. diameters will approach (or even
exceed) a temperature near the melt temperature of iron (approximately 1550"C)
during the 50 msec. they are exposed to the combustion gases. Iron fibers <4-mil.
diameter will experience heat transfer sufficient to undergo some degree of
metallurgical change. Such changes were not observed in these fibers.

The survivability of these fibers can be argued to have occurred due to thermal
protection by a viscous fluid coating, i.e., grcase. However, it seems unlikely that
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this coating could remain intact in an environment so violent. Furthermore, a series
of open-breech gun tests has been conducted at NSWC-Dahlgren in which grease-
coated steel wool was placed on the projectile. These tests revealed that most of the
steel wool was consumed by the combustion or was expelled out of the open breech.
Unfortunately, these tests used a gun with high barrel wear (favoring blowby of the
combustion gases) and the steel wool was not tagged to ensure that recovered fibers
were uniquely linked to the material in the chemical ignition device. Fibers that
preexisted on the cannelure would have been protected and survived the intense
heat transfer of the combustion within the gun.

2000

- o- Mait T (1550 C)

1200.-

E
12 8007 2E ** °° '° ° . . . .... .......2 4o mil
iE 4 00" ...".......... ... .. " ".....

o ":"""" , 1 .. ~........"... . . .I . .
00

0.00 0.01 0.02 0.03 0.04 0.05

Time (sec)

Figure 9. The temperature history of iron fibers with various diameters.

In summary, the propellant combustion environment produced sufficient heat
transfer to partially melt small fibers and thus would have modified fibers
originating within the powder charge. No recovered fiber exhibits a surface
morphology indicative of intense heat transfer. It is concluded that the surface
morphology of the iron "foreign material" fibers is not indicative of their having
come from a hypothetical chemical ignition device in the propellant powder bags.
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Impact Ignition Studies

Introduction

In the initial report, Sandia National Laboratorics' Review of the USS IOWA
Incident. June 1990. the Ignition Experiments Section described experiments on
impact initiation of whole propellant pellets and assemblies of pellets and black
powder. Those experiments showed that D846 propellant pellets could be initiated
by impact and, in association with black powder, lead to an explosion. The most
sensitive configuration appeared to be one where trim pellets in a bag of D846
propellant were adjacent to the black powder igniter pad in the next bag. This is the
normal or prescribed manner in which the bags are loaded into the 16-in. gun. It
was further shown that in this configuration the probability of ignition from impact
increases with increasing ramming speed, and also increases with the decreasing
number of trim pellets in any one of the bags (except the first bag, nearest the
projectile). These results were based on subscale tests where little or no impact
energy is lost in the test fixture system. In a full-size 16-in. gun, energy is lost in
compressing and swelling of the bags, tearing of stitching, and motion or
displacement of pellets in the bags and breech.

Because the amount of energy lost in a 16-in. gun system was unknown at the time
of the initial report. only trends could be established. Extrapolation of the subscale
test data to the operation of an actual gun was not quantitatively possible. It was
only possible to speculate on the probability of ignition in a gun system and establish
minimum boundary conditions necessary for ignition by impact during an overram
of the bags into the gun.

Since the submission of the initial report, many additional experiments have been
conducted, some at SNL, but most at NOS-Indian Head and NSWC-Dahlgren. The
NOS-lndian Head tests expanded the data base in subscale impact fixtures. "I he
NSWC-Dahlgren experiments involved full-scale drop tests and full-scale ramming
tests, which represented the conditions in a 16-in. gun system.

This report incorporates all of the results from the three laboratories. This
complete data base shows that the subscale data can be used to demonstrate
ignition from impact over a range of trim pellet loadings and impact velocities and
that this data can be extrapolated to actual gun conditions. These data also yield
significant probabilities that ignition would occur from an overram of the D846 bags
into the 16-in. gun at high speeds obtainable by the rammer.
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Subscale Experiments

Subsequent to SNL's subscale impact testing, NOS-Indiun Head also began subscale
tests on an impact fixture similar to the 8-in. diameter fixture used at SNL. The first
test configuration explored at NOS-Indian Head had seven trim pellets adjacent to a
black powder ignition pad. (This configuration was described in the SNL initial
report.) The results of these tests showed a mean impact energy to achieve ignition
of approximately 1635 ft.-lbs. This was considerably higher than the mean of 959
ft.-lbs. found at SNL for this same configuration.

During previous tests at SNL, ambient humidity ranged from approximately 20 to 30
percent, while the humidity during the tests at NOS-Indian Head was in the mid-90
percent range. The ratio of mean energy from NOS-Indian Head's seven-pellet test
to that of SNL's previous seven-pellet test was approximately 1.7. This agreed with
independent humidity studies conductud at SNL with single pellets in a small fixture.
To correct for humidity test conditions, the SNL data were, therefore, multiplied by
a factor of 1.7 in order to correlate it with the subsequent NOS-Indian Head test
results.

NOS-Indian Head also tested, in addition to the impact tests on D846
configurations, four similar configurations using D839 propellant pellets. D839 is
one of the other 16-in. gun propellants used on the IOWA-class battleships. The
mean ignition impact energy for th, D839 was higher for each pellet configuration
than that for the corresponding D846 configurations. This should be expected
because the D839 pellets are larger. The forces required to fracture the pellets are
proportional to the fracture surface area. In the case of these pellets this is the
longitudinal cross-section area. The ratio of the longitudinal cross-sect ion area of
D846 to that of D839 is approximately 0.71. The average ratio of the mean impact
ignition energy for the four sets of tests where both types of propellant were used
(five, seven, twelve, and twenty trim pellets) was found to be 0.738. Using this last
ratio, the D839 data was corrected to equivalent D846 valu -s and used to expand
the ignition energy data base.

SNL thus compiled a fairly extensive set of data that could be correlated to establish
the relationship between the mean impact ignition energy and the number of trim
pellets. This is shown in Figure 10. The total mean ignition impact energy remains
essentially constant over the approximate range of one to twelve trim pellets and
then increases rapidly as the number of trim pellets increases.
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Figure 10. Mean impact ignition energy versus number of trim pellets for all
subscale tests at both SNL and NOS-Indian Head.

"This relationship between ignition energy and number ot trim pellets appears to be
Independent of the diameter or size of the impact fixture. This data base should bc
applicable to the full-size gun with one additional correction. In these test fixtures,
pellets are held rather firmly in place and there is little loss of energy in the system.
That is, all or most of the impact energy is transmitted through the trim pellets. In a
16-in. gun this is not the case. When an impact occurs on a train of propellant bags,
the individual bags compress and swell and often burst side-stitching of the bag.
The pellets are then free to move. This movement consumes energy, and this
energy is lost from the impact ignition process. Therefore, the ignition energy
versus trim pellet curve seen above shifts upward in energy by an amount
determined by bag losses during actual operation of a gun. These losses were
determined by performing similar types of impact experiments on full-size bags and
in multiple bag configurations as they are used in the 16-in. gun. Such experiments
were conducted by the USN at NSWC-Dahlgren.
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Full-Scale Experiments

NSWC-Daligren conducted two types of full-scale impact experiments: vertical
drop tests and horizontal ramming tests. In the drop test series, several powder bags
were strapped together, forming a train as they would in a normal gun loading, and
an 800-lb. weight was placed on top of the bag stack. This weight was used to
simulate the effective mass of the gun rammer system. The assembly of weight and
powder bags was raised and then dropped from a predetermined height onto a steel
pad.

As in the subscale tests, this procedure was repeated from a number of different
heights such that both ignitions and nonignitions were obtained in sufficient number
to estimate the mean ignition impact energy and other statistical parameters.

In the second type of tests, a 16-in. gun rammer system (the one removed from the
center gun, Turret 2) was used to ram powder bags along a spanning tray into a
simulated 16-in. gun breech and a stop that simulated the base of a seated projectile.
Ramming speed was varied from test to test such that a series of ignitions and
nonignitions was obtained and could be analyzed as in the drop tests.

Impact ignition data were obtained on four different test series. First, drop tests
were conducted of five powder bags of D846 with five trim pellets in the second
from bottom bag. Second, drop tests were conducted of six powder bags of D839
with twenty trim pellets in the second from bottom bag. Third, horizontal ram tests
were conducted of five powder bags of D846 with five trim pellets in the second bag.
Fourth, horizontal rain tests were condicted with five powder bags of D846 where
the second bag had five trim pellets and the fourth powder bag had one pellet at the
end, which was upset and moved onto its side such that it lay directly under the
black powder ignition pad in the same bag. The mean ignition impact energy was
determined for each of these series of tests and is plotted along with the subsoale
data on Figure 11.

Note that the results are essentially the same, i.e., there is a similar data spread
compared to the subscale set for both the horizontal runi and vertical drop tests
using five trim pellets. This indicates that the full-scale drop tests simulate the
conditions obtained in horizontal ramming and, therefore, represent conditions in a
gun. The data point shown for the mean ignition impact energy for a single trim
pellet was obtained by extrapolating to the mean from the full-scale horizontal ram
test data for that condition (one ignition in five tests at 14 ft./sec.) by using the
standard deviation obtained from the total data base shown in the next section.
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When the data in Figure 11 are analyzed, they show an approximately constant
offset between the subscale and full-scale data. This offset is the energy that is lost
in powder bag compression and swelling and subsequent mass pellet motion.

The data in Figures 10 anu I I represent the mean or average ignition energy. To
estimate the probabilities of ignition at other conditions of energy or velocity, other
statistical parameters such as the standard deviation of the experimental data
obtained are required. These parameters were also determined from the entire
data pool and are presented in the following section.

I6 0 I I , I- I I I I I I I " I I.. . 1 " 1 • '- '
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14000 D SNL/DB46/8"Flxture

* NOS/D839/8"FixtureI NSWC/.D846/.Full Scale
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Figure 11. Full-scale ramming and drop test rc.sult compared to subscale test
results.
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Statistical Analysis or Total Data uase

From each series of "go" or "no-go" experiments for each configuration tested at all
three laboratories, four important statistical parameters could be obtained. These
are: 1) the mean of the particular data set, 2) the variance of the mean, 3) the
standard deviation of the data set, and 4) the variance of the standard deviation. A
total of forty-three test configurations were run in this manner and the results are
shown in Table 1 [1-4].

Test Series 1 through 25 in Table 1 were from SNL test configurations described in
the initial SNL report. Series 27 through 40 were conducted at NOS-Indian Head in
an eight-inch subscale drop test fixture similar to the one at SNL with the
pellet/black powder/buffer stack up used in Series 23 through 25. All the tests at
NOS-Indian liead used dried black powder ignition pads, except Series 32. Series
41 and 43 at NSWC-Dahlgren were full-scale drop tests; 42 was a full-scale
horizontal ram test.

Those series shown in Tablc 1 that lack data for standard deviation and variances
had insufficient data range to determine those parameters. All of the data sets were
analyzed using the ASENT [5] statistical computer code at SNL Values estimated
by the code closely matched similar analyses made at both NSWC-Dahlgren and
NOS-Indlan Head.

Because sonic series had more data points than others, the best averages are
obtained by weighting the parameters by the number of shote; in each series. This
was done and the results, all in log transform, are shown in Table 2.
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Table I

Compendium of Impact Test Data

Test Confign. Fluture $lack Number Number Mean Variance Stndrd Variance Mean Mean Ref

Seriea dlameter Powder of of Height of the Oevn. of the lapsot Ip"ct
(inches) Pouch Trim Shots (Log in) Mean (iogs) std dev Energy Velocity

Included Pellets (togs) (logs) (ft'lb) (ft/sec)

I 1/73.50 wt .8 X 1.8 no 1 50 1.609 2.321-04 7.013-02 3.561-04 249 14.8 1
2 1/179.34 wt .8 X 1.8 no 1 50 1.239 4.401-04 .OSI-01 1.206-03 259 9.6 1
3 2 2.625 no 1 25 1.272 3.496-04 6.73E-02 8.32.-04 2011 10.0 1
4 3 2.625 yea 1 15 1.017 2.91t'U. 1.443-U1 8.36"-03 1117 7.5 1

5 4 2.625 yes 2 20 1.087 5.103-04 7.291-02 1.20E-03 1311 8.1 1
6 5 2.625 yea 2 13 0.983 2.961.06 4.053-02 4.59k-04 1034 7.2 1

7 6 4.375 no 0 4 Pl.9 ... . ... - .8540 *20.7 1
8 7 4.375 no 1 11 1.825 ... .. .. 7179 18.9 1

9 8 4.375 no 4 20 1.673 1.215-03 1.146-01 4.471-03 5044 15.9

10 9 6.375 no 7 14 1.562 ... . . ... 3918 14.0 1
11 10 4.375 no 7 16 1.482 1.881-04 3.423-02 2.396-04 3257 12.8 1
12 11 4.375 yes 0 9 1.890 2.211-03 5.831-02 1.161-02 8336 20.4 1
13 12 4.375 yea 0 19 1.579 5.26E-04 6.473-02 1.089-03 4071 14.3 1
14 13 4.375 no 0 12 1.743 6.128-04 5.133-02 9.431-04 5937 17.2 1
15 14 4.375 yea 0 12 1.506 1.201-03 8.556-02 3.001-03 3445 13.1 1
16 15 4.375 yes 7 18 1.4"7 8.9163-04 9.508-02 2.745-03 3008 12.3 1
17 16 4.375 yes 7 15 1.400 ... ... ... 2698 11.6 1
18 17 4.3C 5 yea 6 8 1.375 ... ... ... 2547 11.3 1
19 18 4.375 yea 2 16 1.300 4.691-03 1.691-01 1.535-02 2142 10.3 1
20 19 4.375 yea 7 5 1.400 ... ... ... 2698 11.6 1
21 19a 4.375 yes 7 9 1.429 3.7415-04 3.183-02 5.511-04 2885 12.0 1
22 20 4.373 yes 7 8 1.475 ... ... ... 3207 12.7 1
23 21 e yes 7 23 0.951 1.98203 1.201.-01 6.10[-03 959 6.9 1

24 22 8 yes 12 11 1.238 3.753-04 4.361-02 5.711-04 1859 9.6 1

25 23 8 yas 25 18 1.752 1.433-03 1.093-01 4.564-03 6070 17.4 1
27 N0S846-2 8 yes 2 4 1.381 ... ... ... 2602 11.4 2
28 N06846-3 a yes 3 10 1.206 ... ... ... 1741 9.3 2
29 NO0846-4 8 yea 4 8 1.141 ... ... ... 1498 8.6 2
30 Nor0846-5 8 yes 5 9 1.117 9.99-04 6.56E-02 1.896-03 1418 8.4 2
31 N08546-7 8 yes 7 18 1.088 7.M95-04 8.441-02 1.451-03 1327 8.1 3

32 1O056-7 set 8 yes 7 10 1.179 1.46"-03 7.903-02 1.969-03 1635 9.0 3

33 1101846-3 8 yes 8 8 1.148 ... ... ... 1523 8.7 3
34 W060846-9 8 yes 9 8 1.1"4 1.001 03 6.583-02 1.905-03 1581 8.8 2
35 NOB46-12 8 yes 12 9 1.244 .. ... ... 1898 9.7 2
36 1106846-20 8 yeas 20 8 1 695 1.933-03 8.22E-02 4.921-03 5370 16.3 2
37 101839-5 8 yes 5 8 1.180 9.84&-04 5.568-02 1.241-03 1638 9.0 2

38 N03839-7 8 yes 7 10 1.167 5.7511-03 1.813-01 2.051-02 1590 8.9 2

39 W00839-12 8 yes 12 8 1.427 ... ... ... 2893 12.0 2
40 N1S139-20 8 yes 20 4 1.920 ... ... ... 9011 21.1 2

41 NSWC846-50 18 yea 5 16 1.631 5.36E-04 6.54E-02 1.12E-03 4561 15.1 4

42 N13C846-1* 18 yes 5 30 1.719 1.301-03 5. .-02 1.131-03 5678 16.8 4

43 N1WC839-200 18 yea 20 12 1.954 1.03E-03 5.29E-02 1.621-03 11016 22.0 4

(convwrted from velocity data) 40
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Table 2

Shot Weighted Average Results
(In Log Units)

Standard Deviation 0.06802
Variance of Standard Deviations 0.002418
Variance of Mean 0.0008906

Using the shot weighted values given above, in conjunction with the mean impact
ignition energy as a function of number of trim pellets (Figure 11 in previous
section), probability maps were determined for impact ignition as a function of both
ramming speed and number of trim pellets.

The mean ignition energy and standard deviation were used to calculate the
nominal or point estimate probabilities. The mean ignition energy, standard
deviation, variance of the mean, and variance of the standard deviation were used to
calculate the confidence limits. The 95 pci ,.nt confidence limits means that 95
times out of 100 if any of these series of tests were repeated, the experimentally
determined point ustimates would lie within those limits. Another way to consider
the confidence limits is that the measured mean in any given set of experiments is
only an esijge of the true mean for the entire lot of propellant if it were tested in
that particular configuration. The J= mean can be anywhere between the
confidence limits. The broader the limits, the more certain it is that the true mean
lies between them.

In the extreme, it is clear with 100 percent confidence that the mean ignition energy
is greater than zero and less than infinity. The 95 percent confidence limits are
chosen because they represent a sufficiently broad range that most likely includes
the true value, yet is still narrow enough to yield workable values. This also holds
for any other point estimate of probability; i.e., 1, 10, 75 percent, etc.

These statistical parameters were used to examine the impact ignition of the five-
bag powder train of D846 propellant that is overrammed into the base of the
projectile seated in the 16-in. gun. The two most critical cases are: 1) finding the
probability of ignition as a function of ramming speed where there are a small
number of trim pellets (one to twelve) in any of the powder bags, and 2) finding the
probability of ignition as a function of the number of trim pellets in any of the
powder bags where there is a maximum rarmiming speed (14 ft./sec.).
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The two cases are shown in Figures 12 and 13. The ignition probability is plotted onl
a log scale in order to discern the magnitude of the probabilities at very lw values.
A probability of 1 is the same as saying the event is 100 percent certain, a
probability of 10-1 is one out of ten, 10-3 one out of a hundred, 10-3 one out of a
thousand, 10-6 one out of a million, etc.

An alternative to the above analysis is to completely discount all of the subseale
data, trends, and statistics and consider only the full-scale ramming tests where
sufficient data were obtained to allow a statistical analysis of at least one single
condition. The full-scale ramming tests of the five-bag load with five-trim pellets in
the second bag is the only such data set. From Table 1, tile mean, standard
deviation and variances for this set have been determined and the statistical map of
probability of ignition veisus ramming speed calculated for the five-triim pellet
configuration. Thcse results are shown inl Figure 14 where they are compared to the
previous analysis that employed the global data set.

In either case, it is seen that there is a bigniticant probability of ignition when a load
of five bags with a small number of trim pellets in one of the bags is overrammed at
high speed (but within the operating limit of the gun) into the base of u seated
projectile. As the rain speed is reduced, so is the probability of ignition. Although
the probability of ignition becomes extremely low at mid-range ramming speeds, it is
not zero. It should be noted that in subscale tests (test Series No. 23, Table 1)
ignition was obtained at 6.5 ft./sec. impact speeds.
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Figure 12. Probability of ignition versus speed of ram (for five-bag loud of D846
with one to twelve trim pellets in at least one bag).
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Iigurc 14. Comparison of ignition probability versus ram spced maps from global
data and trends, to that from ram data for five bag/five pellets only.

Trim-Pellet Stalstics

Between June 1 and October 1, 1990, more than 3.000 D846 powder bags were
insl)ected by the USN. These were powder bags from the incident lot aboard the
USS IOWA, as well as bags from the same lot stored at other locations. The
powder bags were examined and the number and position of the trim pellets was
determined and recorded.

The number of trim pellets per powder bag varied from 0 to 63. Also, there were
105 bags in which a single pellet had been dislodged from the stack at the rear of the
bag and was found lying on its side In the fold of silk beneath the black powder
punch. This is a configuration tnat was tested in full-scale ramming and is
considered here to be equivalent to a trim layer with only one pellet. These bags,
therefore, are included in the following data as hags with one trim pellet. T'lie trim
pellet count data received from the USN [61 is shown in Table 3. k plot of the data
is shown in Figure 15.
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The data in Table 3 can be used to calculate the cumulative fraction of bags that
contain specific counts of trim pellets. This is shown in Figure 16, where cumulative
fraction is plotted versus the number of trim pellets per bag.

In an earlier discussion it was shown that the most impact-sensitive bag
configuration is one containing from one to approximately twelve trim pellets. That
portion of the cumulative distribution curve is enlarged and shown in Figure 17.

Figure 17 shows that the fraction of powder bags containing from one to twelve trim
pellets is 0.0443 (or 4.43 percent). This means that if one powder bag were selected
at random from the lot of D846 bags, there is a 4.43 percent chance that it would
contain between one and twelve trim pellets.

It was stated earlier that impact ignition could occur during a higher-than-normal-
speed overram if the powder bag containing the low number of trim pellets was any
bag other than the first one. Therefore, when considering the probability of
ignition, the probability of selecting a low-trim pellet powder bag for any of the
other four positions must be considered. The probability of having from one to
twelve trim pellets in any of four powder bags selected at random is approximately
16.6 percent.

Table 3

Trim Pellet Counts per USN Inspections

Totalt Nunber of Powder Lags Containing Glven

kNa-er of Trim PeLlets, ALL Date

Mu'tr NIIeir Ngloer Naber Number Wkster lLMer NiMu",
Petieta Bags PeLLets gags Pelet, wove PeLeters Bags

0 13 16 24 32 108 48 31
1 - 105 17 3e 33 140 49 34
2 0 1i A1 34 161 50 35
3 1 19 45 35 212 51 33
4 4 20 71 36 194. 52 40
5 2 21 72 37 201 53 19
6 0 22 81 38 178 54 18
7 3 23 75 39 133 55 16
8 2 21 71 1.0 113 56 11
9 3 25 82 41 775 1 a10 I1 26 76 1.2 66 56 2

11 1 27 57 13 45 59 0
12 8 28 60 14. 36 60 3
13 13 29 64 45 30 61 0
14 1. 30 685 46 35 62 1
is 19 31 93 1.7 25 63 1

$l.gt$ pellet Upset and Lying ..doe, Ignition P1d
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Figure 15. Population distribution of trim pellets in D846 powder bags.
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Figure 16. Cumulative distribution of trim pellets in D846 powder bagq.
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Fig re 17. Cumulative distribution of trim pellets in D846 powder bags.

Conclusion

From the preceding, it is apparent that there is no single or unique combination of
trim pellets and ramming speed that would lead to an explosion, but rather a broad
range of combinations with a reasonable probability of occurrence. Certainly a
most probable case can be found based on this data. That case is where there are a
low number of trim pellets (one to twelve) in one of the powder bags and maximum
ramming speed (14 ft./sec.). In that case the probability of the occurrence of an
explosion could be as high as 39 percent, which is the probability value at the lower
95 percent confidence limit.

In relation to the explosion on the USS IOWA, if there were a low number of trim
pellets (but not necessarily the minimum) in any of powder bags two through five
and a higher-than-normal powder ramming speed (but not necessarily the
maximum), then there was a finite probability that an ignition and subsequent
explosion would occur. Further, in a possible case where there were the minimum
number of trim pellets and the overram was at the maximum speed, then the
probability of an explosion could be as high as 39 percent stated with 95 percent
confidence.
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Lastly, there was a 16.6 percent (approximately one in six) chance that at least one
bag containing from one to twelve pellets would be present in a critical position in
any randomly drawn load of five D846 propellant bags.
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Explosive Materials Characterization

Introduction

In this section, the individual initiation properties of nitrocellulose (NC) propellant
and black powder are discussed. In addition, analyses concerning the effect of
chemical stabilizer levels on sensitivity and material compatibility issues are
described. All testing was performed using propellant and black powder removed
from the USS IOWA. None of the analyses indicated any obvious safety problems
related to the individual sensitivities of these materials. Key results from this study
are summarized below and, where applicable, summaries of USN testing arc also
indicated. All of this information was discussed in the previous report.

P'opellant Chemical Stabilizer Analysis

Because of the age of the USS IOWA propellant (44 years old), the amount of
chemical stabilizer (DPA) present has gradually decreased since it was
manufactured. Twenty-four NC propellant pellets were randomly chosen for a
stabilizer analysis. Representative samples showing high- and low-chemical
stabilizer levels were then chosen for much of the sensitivity testing so that the effect
of known stabilizer levels on sensitivity and performance could be assessed. This
testing served to confirm the USN's more extensive study in this area. Liquid
chromnatography (LC) was used to determine stabilizer levels and the results showed
that these levels varied between 0.150 and 0.353 percent, with an average level of
(0.273 percent. This agrees with the USN analysis and indicates that the propellant
from the USS IOWA has sufficient chemical stabilizer to prevent any premature
fuming associated vith storage in a higher-than-normal-temperature environment.
The data indicate that the material has not aged to the point where it is no longer
acceptable, based on historical USN requirements. The highest and lowest
stabilizer samples were chosen for the sensitivity testing discussed below. They will
be ,eferred to as the "high-DPA sample" (0.353-pcrcent stabilizer) and the "low-
DPA sample" (0.150-percent stabilizer).

Chemical and Compatibility Studies

Analyses were performed on the NC propellant pellets to determine the ether-
evolution rates as a function of temperature, and material compatibility studies were
conducted to investigate whether any ch( nical interactions could occur between the
propellant and the wear-saver material surrounding the bag charges. The results of
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the propellant ether-evolution rate studies indicated that it is unlijcely the ether
levels in the D846 storage canisters would rise above the lower explosive limit under
normal storge conditions. This indicates an even lower likelihood of reaching
potentially dangerous ether levels outside the storage canisters. In the material
compatibility studies, no significant chemical interactions were found. Finally, an
investigation of the propellant and wear-saver material was conducted to search for
the presence of explosive peroxides that can form when ether and water vapor arc
mixed together. No peroxides were detected.

Sensitivity Testing

S,.vcral types of sensitivity tests were performed on NC propellant and black powder
to determine how these energetic materials respond to various stimuli. The tests
performed included impact, shock, thermal, and electrostatic discharge (ESD). A
brief sununary of the results of this testing is given below.

Impact testing was performed on an apparatus patterned after an Explosive
Research Laboratory tester developed during WWII. This tester consists of a
2.5-kg. weight that can be dropped from 0 to 200 cm. on the explosive or propellant
sample. A test series was performed on a black powder sample and with the high-
and low-DPA, NC samples. A test series consisted of 25 to 30 drops with the results
of each drop recorded as a "go" (the material reacted) or "no-go" (no reaction). The
Langlie statistical test method was used to determine appropriate drop height. The
final results of this testing showed that black powder is much less sensi~ivc to impact
than NC. The testing on NC indicates that the propellant is slightly more sensitive
to impact at low-chemical stabilizer levels than at high levels. This inrreased
sensitivity does not, however, indicate that the material is unsafe.

7hermal

Various thermal tests investigated the behavior of the NC propellant under different
heating conditions. These included the Ilenkin and accelerating-rate calorimetry
(ARC) tests. In the Henkin test, an 80 nag. NC sample is loaded into a primer cup
and lowered into a Wood's metal bath that is at a preset temperature. The test
provides the time-to-explosion for various metal bath temperatures. The time-to-
explosion for the high- and low-DPA samples at various temperatures was too close
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to discern any stabilizer effects. In general, the effect of stabilizer decreases the
sensitivity of the propellant to high temperatures as compared to pure NC. The
results for the high- and low-stabilizer ARC testing of NC samples were more
pronounced. The ARC tests showed that the propellant with low-stabilizer levels
begins to chemically react at lower temperature than the propellant with high-
stabilizer levels. Although differences between propellant samples with low-and
high- stabilizer levels were noted, none of the results from the thermal tests
indicated that the USS IOWA propellant was thermally unstable.

Eleetrostatic Discharg•e Testing (ESD)

Several tests were performed to investigate the ESD sensitivity of black powder and
the NC propellant taken from the USS IOWA. The possibility of triboelectric
effects was also explored. Because some energetic materials have shown different
ESD sensitivities to different current rates, the black powder and high- and low-
stabilizer NC samples were tested at current rates, varying from 7xl09 to
6xl010 A/sec. The results indicated that none of the samples could be initiated with
ESD current levels above 7x10 9 A/sec. At this current rate, black powder was
initiated with an energy of about 0.6 J, while the high- and low-stabilizer level NC
samples were Initiated with energies of approximately 0.7 and 0.8 J, respectively.
The energy levels for the black powder are consistent with the USN results, but the
NC results showed lower initiation energies than those reported by the USN. These
results are not completely unexpected, because the tests were designed to examine a
worst-case scenario of a completely confined sample. As a point of reference, the
USN measured maximum electrical-energy levels of 0.126 mJ. in u gun turret during
normal operations. This Is less than a thousandth of the energy required to initiate
black powder or NC.

Along with ESD, another scenario considered as a possible cause for the USS
IOWA incident was triboelectric effects in the NC propellant pellets. When some
materials are fractured, they discharge electricity which could possible ignite an
energetic material or ether, if present. Triboclectric materials exhibit this type of
behavior which is often called the "lifesaver effect." If the fracture of a propellant
pellet produced an electrical discharge of any significance, a light emission would be
observed. Twenty pellets were fractured in a completely darkened chamber while
high-speed video cameras recorded the events. These cameras wtre capable of
detecting extremely low light levels. None of the tests resulted in detectable light
emissions, so triboelectric effects induced by propellant grain frv ture was ruled out
as possible cause of the blast.
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Testing was performed to obtain equation-of-state (Hugoniot) data and to
determine the shock pressure reaction threshold for the USS IOWA propellant
(NC). In eiddition, these test results can be used to predict the shock pressure in NC
at different impact velocities. To test the propellant. 1/4-length pellets were
mounted in the end of a projectile and accelerated in a gas gun into a target
material composed of plexiglass, fused silica or sagphire. The velocity of the NC
propellant at impact ranged from 0.4 to 1.4 km./scc. A laser measurement system,
VISAR (Velocity Interferometer System for Any Reflector), was used to measure
the motion of the back of the target. The velocity of the back of the target was used
to calculate the impact pressure. At the highest shock pressure of greater than
1,000,000 psi, no reactions were observed in the NC under these planar impact-test
conditions. The results of this testing show that NC behaves similai.y, under shock
conditions, to NB (a double-base NC/nitroglyccrine propellant).

Summary

No obvious sensitivity problems were found during tests of the black powder and
NC propellant taken from the USS IOWA. The NC samples with low-stabilizer
levels consistently showed slightly higher initiation sei,. itivities than samples with
high-stabilizer levels. However, the difference in initiation sensitivity between these
two NC samples was not considered to be significant and would pose no safety
problems under normal conditions.

52

Page 60 GAO/NSIA)-914S U.S.S. Iowa Explosion



U.L&S Iowa Explosion

Analytical Modeling

Analytical Modeling

Summary

As noted in Sandia National Laboratories' Revielw of the USS IOWA Incident. June
1990, it was established from gouge marks on the spanning tray that "the face of the
rammerhead, with the rammerhcad buffer completely compressed, was somne
45 3/4 in. into the breech as measured from the face of the breech." With this
information and using the best available data at the time for the position of the rear
of the projectile (seating distance) and the average length of five powder bags, it was
concluded that the powder bags must have been compressed 1 1/4 in. by the
rammerhead. It was also estimated that a iniimnum rammer speed of 6 ft./sec.
would be required to produce the 1 1/4 in. bag compression.

A refined dynamic model of the ramrnerhead and powder bags has subsequently
been developed and used along with revised data on seating distance and bag
lengths. This model has shown that It is impossible to use powder bug dynamics to
establish the speed of the overram because of the large variability in the seating
distance and the variability of the average bag length. Furthernmore, there does not
exist a criterion for the necessary propellant bag compression required to cause an
explosive event.

As an alternate approach to determining tile speed of the overrani, studies were
made of gouges and chips formed inside the buffer cylinder of the rammerhead
during the explosion. These studies showed that the buffer was not collapsed at the
time of the blast. The extended position of the buffer head is consistent with the
position observed when explosions occurred in the dynamic overran tests conducted
at NSWC-Dahlgrerr. Itowever, ini one test it was observed that the bufferhead
moved into the breech prior to tile blast. Therefore, the extended position of tire
buffer head could, in one car .,, be consistent with a statically held overrari. This
means that the buffer cylinder gouge marks cannot be used to determine whether a
statically held overrarn occurred.

Although the rammer control handle was found in approximately tire 2 ft./see.
potition after the explosion, many transient forces could have altered the positlon of
the rammer control handle. The USN believes that the deformation of a quadrant
guide that encloses the control handle was caused by impact of the ramnirnmini's
scat early in the blast sequence, and hence provides an indication of the ramnier
speed at the time of the incident. I lowever, an analysis presented here shows that
the seat mu.;on could have changed the lever position and dislodged the quadrant

I
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from its mount. From these results, it is concluded that damage to the quadrant is
not a definitive indicator of the ramming speed.

Speed D•teumlnatlon from Powder Bag Compression

The original SNL analysis of the overram was based on the association of gouge
marks on the spanning tray with specific links of the rammer chain. This association
was made by noting that the female (even numbered) links are slightly longer than
the male links. Characteristic chatter marks are made as the edges of the liviks
contact and scrape the sides of the spanning tray. These marks were aligned with
the edges of the links and the lengths of the marks can be used to determine the
positions of male and female links. Using this procedure on the aft gouge on the
left side of the tray, it was concluded that it was made by a female link (Link 2). On
the right side of the tray the foremost gouge is incomplete, the next has no chatter
marks, but the third is both complete and has faint chatter marks that allow one to
conclude it was made by a female link. By elimination, this gouge could not have
been made by Link 2 or 4 and hence must have been made by Link 6. The mark
ahead of it, made by link 5, was the gouge closest to the centerline of the tray. It
was used to determine the position of the rammer chain at the time of the blast.

Further consideration has led to the conclusion that the original SNL analysis of the
gouges and link associations is still the most credible explanation. It is possible that
the link numbers c, uld be off by two links to retain the proper male and female link
order. This would imply either a very large bag compression or a complete loss of
the structural integrity of the powder bag train after ignition. (A similar behavior
was observed in NSWC-Dahigren open-breech burn Test #23.) An attempt is now
in progress by the USN to correlate the scratches on specific links with the gouges,
but, secondary impacts and damage of the links may complicate this effort.

Powder Bag Compression Modeling

The purpose of the dynamic powder bag model is to determine peak forces between
Individual bags and the rammerhead during an overram and to quantify the speed of
the overram. Validation of the model was accomplished with measurements from
NSWC-Dahlgren [7]. The model results can then be used to determine the
rammerhead position at various overram speeds. This position can then be
compared with the physical data from the gouge analysis.
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NSWC-Dahlgren conducted an investigation to better determine the seating
distance of the projectile at the time of the incident and the average length of the
powder bags. To determine the seating distance, measurements were made on the
deformed rotating bands on the projectiles that had been rammed into the left and
right guns of Turret 2. Calculations were used to establish where the deformed
rotating bands would have been had they been rammed into th. center gun. This
analysit makes the reasonable assumption that all three of the guns have about the
same wear, and that the three rammers produce approximately the same ramming
force. Based on these mensurements and calculations, it was established that the
seating distance was 127.6:t 0.2 in. Tills is 0.6 in. falther fouwaid than the position
used in analysis described in Sandia National Laboratories' Review of the USS

W Incident- June 1 9.

NSWC-Dahlgren measured 368 powder bags and determined that the averagc bag
length was 16.536 in. with a standard deviation of 0.178 in. A five-bag charge would
have an average uncompressed length of 82.68 in., which is slightly longer than the
82.5 in. used in Sandia National Laboratories' Review of the USS IOWA Inident.
June 199 . If the rammerhead buffer was fully compressed, the distance available
for the powder bags is 81.85 in., requiring an average compression of 0.83 in. If the
rammerhead buffer was not fully compressed, the bags could be compressed more.
The sum of the bag compression and rammer compression at the time of the blast
would be about 3.33 in. (2.5 + 0.83 in.).

The original model used to predict the dynamic powder bag and buffer compression
was modified to include individual powder bags instead of the combined bag stack
used previously. The buffer collapse ulodel was also modified to include the effec6s
of an air-compression chamber in the buffer that is pressurized during compression.
The size of the annular gap between the piston and cylinder was varied until the
model matched the displacement time histories measured at NSWC-Dahlgren. The
damping in the powder bags was adjusted to 44 percent of critical to closely xiatch
the predicted force-time history observed at a given rammer speed. The validated
model was then used to predict the pea!k forces on the rammerhead over the entire
range of rammer speeds. These predictions were within ± 10 percent of the data
provided by NSWC-Dahli~ren.

As indicated above, the buffer and bags must compress 3.33 in. in order for the
rammerhead to be in the position that matches the gouges in the spanning tray.
Figure 18 is a plot of the sum of the buffer and bag compression at four different
rammer speeds as predicted by the model. For times greater than 0.3 scc., all four
of the compression curves approach the static compression of the rammer, 3.33 in.
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At times < 0.3 sec., the ramnmerhead is in the required compression position at
different instances, depending on the rammer speed. The variability in bag length
and the uncertainty in the measurements of seating distance contribute to a large
band of uncertainty in the compression. To illustrate this uncertainty, the cross-
hatched band centered about the 3.33 in. compression represents the range of
± 0.88 in. caused by a two-sigma variation in bag length. Additional uncertainty
bands could be plotted to account for the + 0.2 in. and ± 0.1 in. uncertainty in the
measurements of seating distace and ramacrhead position, respectively.
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Figure 18. Predicted total powder bag and buffcr compression for various rain
speeds.
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Recent powder bag compression tests reported by NSWC-Dahigren agree with this
model. In these tests, the initial length of the powder train was determined with a
100 lb. precompression, greatly reducing the variability in the measurement of initial
bag lengths. High-speed photography was then used to determine the change in bag
compression for ramming speeds between 2 and 14 ft./scc. These measurements
show that the compressibility change is small compared to the variability in initial
bag length and are in agreement with the SNL conclusion.

Powder ay Modeling ConclIusion

It is concluded that these uncertainties, when coupled with the lack of a time-
resolved ignition criterion, make it impossible to determine the rammer speed from
the compression of the powder bags and the gouges found in the spanning tray.

Rainmerhead Buffer Bore Marking

"Th -airamerhead, shown in Figure 19, incorporates a spring-loaded, fluid-filled
buffer assembly that acts as a shock absorber during projectile seating. When the
force evceeds the preload in the spring, the head moves into the body, compresses
the spring, and forces fluid around the piston. The fluid is forced through three
decreasing area slots and the annular gap between the piston and the cylinder and
into an expansion chamber above the piston. The spring reaches maximum
compression at 2 1/2 in. and stops the head motion. The force of approximately
1100 lb., -equired to fully compress the buffer, is readily supplied by the rammer
hydraulic drive. Tests by the USN have shown that the head takes about 0.4 sec. to
fully compress at a rammer specd of 2 ft./sec., and about 0.2 sec. to fully compress
at a rammer speed of 14 ft./sec.

In the USN's dynamic overram tests that caused ignition, it was observed that
ignition occurred before the rammerhead buffer was completely compressed. In
contrast, most of the open-breech burn tests that involve a statically held ram show
no loss of load on the rammer chain, implying that the buffer was fully compressed
at the time of the blast. The only exception to this observation was Test #23, in
which the chain moved into the chamber prior to the blast, implying that the buffer
could have been moving out or extending.
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Figure 19. Cross-section through rammerhead buffer assemb!y.

It was reasoned that the rammerhead might exhibit marks that would indicate the
position of the rammerhead buffer at the time of the incident. To investigate this,
the rammerhcad was sectioned, as is shown in Figure 20. The forward section oni
the left side of the rammerhead was also cut horizontally near the center of the
bore. IExamination of the bore of the rammerhead buffer (Figure 21) showed two
gouges.

It is concluded that these gouges .and chips were produced during the incident and
were not the result of ordinary wear, for two reasons. First, the chip on the left side
has clearly been raised beyond the normal limit of buffer stroke. This requires that
the spring break and, by a lateral offset of the broken ends, allow slightly more axial
travel of the rammerhead relative to the piston. Sec,.id, the constant churning of
fluid in the buffer should ultimately have caused the rn latively delicate chips to
bend, fatigue, and break off if they had been formed at all earlier time.
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LEFT FORWARD

RIGHT

Figure 20. Orientation and sectioning of rammerhead.

Figure 21a shows the gouge marks observed on the lower part of the left side of the

rammerhead bore. There is a chip that has been gougcd by the piston and driven
past the normal end-of-stroke position to a shoulder at the end of the machined
bore. This chip was driven approximately 0.14 in. beyond the normal end of stroke.

Straight striations are due to normal wear. However, where the chip has started to
form, approximately 1/4 in. before the normal end-of-stroke, the striations
associated with the chip deviate from the straight-line pattern. This shows that the
lower left part of the rammerhead moved upward relative to the piston as this chip
was being formed. Additionally, there appears to be a mark which was made by the
aft surface of the piston.
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(a)

(b)

Figure 21. Photographs of gouges on (a) left side and (b) right side of rammerhed

buffer cylinders.

60

Page 68 (GAN/NSIA IAI-4S US.S. kowa Explolan



US.S. Iowa Expio.',jl

Aaalitical Modeling

The right side of the sectioned rammerleae also shows a chip shown in Figure 21b.
This chip has not been driven up to th0. shouldcr in the bore, bu inst'a., ,s stopped
at approximately the normal end-of-stroke position. The striations from formation
of this chip do not seenm to show any upward movement. They instead show a series
of impact-like marks that may be caused by the edge of the piston being repeatedly
forced into the bronze rammerhead casting.

Figure 22 shows a schematic layout of the chips in the bore. The chips on the right
side are located as one looks forward, between the 2 and 4 o'clock position. The
chips on the left side are located between the 7 and 9 o'clock position. Three
observations indicate that these chips were not made at the same time or,
conversely, two separate events were required to produce these chips. The
arguments for this interpretation are as follows. First, since the chips are on the
opposite side of the bore, they could not be made simultaneously. Clearance of the
piston in the bore prevents this. Second, the axial positions of the chips are such
that it is physically impossible for the piston to produce these chips at the same time
(the left chip is at the shoulde.', while the right chip is at the normal end of the
position). Finally, the points jverlap where the gouges start and end, thus the left
gouge does not start at the aylal position at which the right gouge ends. These
factors lead to the conclusiott that the two chips were made by two different
compressive events, separated in time so that the buffer could extend between them.
Two large compression events that could have produced these gouges are the initial
blast and ihe impact of the rammerhead with the bulkhead.

Examination of the front of the rammerhead shows that the right side of the buffer
had received considerable damage caused by the impact with the bulkhead. On this
side, the marks clearly show that the upper right side of the rammerhead impacted
the small buffer located on the bulkhead. It is reasonable to associate the formation
of the chip on the right with the impact of the rammerhead into the bulkhead, and
the chip on the left with the initial blast force.
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Figure 22. Developed surface of lower half of rammerhead bore.
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Buffer Mark Conclusions

An examination of the bore of the rammerhead buffer shows that two gouges were
probably formed during the dynamic events surrounding the incident. The two chips
are associated with compressive motions of the rammerhead buffer and wete
apparently made at different times: the one on the left side was made at the time
the blast was applied to the rammcrhcad and the one on the right side when the
rammerhead impacted the bulkhead. From the location of the onset of the chip on
the left, it is surmised that the rammerhead buffer was not fully compressed at the
time of the blast. Examination of the data from the high-speed horizontal rammer
tests shows that when ignition occurred the buffer was not fully comprscsed. In the
majority of open-breech burn tests employing a shipboard rammer, the rammer
chain did not move into the chamber before the blast. However, in Test #23 the
rammerhead moved forward into the breech prior to the blast. Based on the
anomaly of one test, the bore markings cannot be used to establish if an overram
occurred.

Overram Speed rrom Rammer-Control Linkage Position

USN/I3RL Scenario

After the .xplosion, the rammer control linkage was found in the 1.7 ft./%ec.
position, held by a frozen packing gland located where the linkage enters the pump
control. The handle that controls the operation of the rammer was surrounded by a
guide or quadrant tack-welded to the bulkhead. The quadrant and its mounting
pads were found dislodged from the bulkhead after the explosion. The quadrant
had been bent by an impact in the forward portion of the quadrant, and its forward
mounting flange had sheared off. The deformation of the quadrant has been
investigated by Naval Research Labs personnel and they conclude that the
deformation is only consistent with the control lever being in a ram position of
approximately 2 ft./sec. These two pieces of evidence form the basis of the USN
position that the ram c ýed was normal. However, these conclusions assume that
the quadrant defornia., i occurred before movement of the ccmrol linkage and
before the quadrant was dislodged.

The USN has advanced the scenario that defoi ination and breakage of the quadrant
was caused by tfhe forward edge of the rammerman's seat. To investigate this
scenario, the 1. S. Army's Ballistics Research Lab (BRL) conducted calculations
using an internal ballistics code to predict th pressures within the gun chamber.
This information was transferred to the Hul! hydrodvnaniic code in order to predict
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the pressures from the blast in the gun room. Finally, this loading was applied to
the rammerman's seat using a finite element code to predict the resulting motion of
the seat. ThIs sequence of calculations has not been completed, so only preliminary
comments are possible at this time.

Viewed from above, the motion of the rammerman's seat was predicted to be a
rotation of the seat about its outboard rear edge into the quadrant with the top of
the scat remaining essentially horizontal during the movement (Figure 23). The
time the seat impacts the quadrant after the start of the blast loading was about 15
nsec. Thus, the forward edge of the scat impacts the quadrant at a speed of
approximately 75 fL/sec. and at a very low angle, about 24 degrees between the
plane of the seat plate and the plane of the quadrant. At such a low impact angle it
would be expected that the unsupported leading edge of the rammerman's seat
would be deformed. However, the only photograph (Figure 24a) that contains the
leading edge of the scat shows no detectable deformation of the forward edge.
Since the seat was discarded, detailed deformation and the "as-built" geometrycannot be definitively resolved.

Figure 23 also shows the relationship between the seat and the quadrant when
viewed from the side. The front edge of the scat slopes upward at i'n angle of 51
degrees from the deck, beginning at a point about 19 3/4 in. forward of the rear gun
room bulkhead. The indentation on the quadrant slopes upward at about 35
degrees from the deck and begins at a point about 18.5 in. forward of the aft
bulkhead. Clearly, if the seat rotates into the undisturbed quadrant with its top
remaining horizontal, it will not hit the quadrant at the right point or orientation to
make the indentation noted on the quadrant.

To further explore this, a one-quarter scale model of the rammerman station was
constructed. This model clearly showed the only way that the forward scat edge
could have made the indentation (assuming the quadrant remains fixed to the
bulklhead) would have been for the scat to pitch so that its top rear edge moves
forward and upward while its bottom moves aftward (it did not move downward
because the front leg wasn't bent). As this motion occurs, it must also move
outward in order to Indent the quadrant. Even with this complex motion, the rear
leg must bend for the front edge to reach the correct point on the undisturbed
quadrant. But the close clearance between the rear leg and the rammer operating
handle implies that the upward and rearwards motion of the rear leg will lift the
handle, thus moving it to slower speed positions. Indeed, Figure 24a shows that the
aft leg has bent outward and only very slightly forward. This suggests that, if the
pitching motion of the seat wee to occur, the rammer handle would be moved.
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(a)
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Figure 24. Photograph of:
(a) defomied rarnmen:an's seat
(b) scale model of "as-dcsigned" scat and
(c) scalc model of "as-built and bent" scat
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A second important observation made from the model was that the "as-built" seat
differs from the "as-designed" seat. Figure 24b shows the "as-designed" seat model
in a similar position to the incident seat (Figure 24a). Examination of the distance
between the two legs shows that the "as-built" seat has its rear leg further aft than
that of the "as-designed" seat. Furthermore, the tab at the bottom of the aft leg is
also different in that it projects forward of the leg. This repositioning of the aft leg
suggests an even stronger interaction with the rammer control handle. It could be
reasoned that the bolts that secure the legs to the deck would prevent the aft leg
from moving outward and striking the handle. However, examination of the gun
room dcck plates has shown that there were no bolts securing the legs to the deck.
The holes in the deck were located about 1 3/8 in. closer to the side bulkhead than
designed. This implies that the seat was actually closer to the bulkhead and rammer
control handle than the model and computer calculations have assumed.

A final observation made with the scale model involved constructing an "as-built and
bent" seat (Figure 24c) to try and match the deformed scat of Figure 24a. Even with
the rear leg of the model scat moved aft, it was found that the lower edge and rear
portion of the model seat needed to be significantly deformed in order to match
Figure 24a. This suggests that the lower edge of the scat could possibly have
indented the disludged quadrant.

The top aft edge of the "as-built" seat also differs from the "as- designed" In that
about one-half of the inboard side of the mounting flange had to be removed to
clear piping mounted on the bulkhead. Figure 25 shows the location on the rear gun
bulkhead where the seat mounting flange was secured by tvwo 1/2 in. bolts. Directly
outboard of the seat is a sheet metal mounting clip that secures two pipes in the
corner of the gun room. Since this clip is undamaged, it can be concluded that the
seat motion could not be directly outward since this would have crushed the clip and
pipes. The ruinmerman foot rest also constrains the motion of the seat in the
forward direction. The aft face of this foot rest on the USS IOWA was located 25
in. forward of the rear bulkhead. This permits about 5 1/4 in. of forward motion
before the forward leg (which according to Figure 24a is virtually unbent) of the scat
strikes the foot rest.
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410.e

-4 .4 ..

Figure 25. Photograph of rear corner of gun room with seat removed showing
undisturbed piping in corner and bent, dislodged quadrant.
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Figure 23 shows that the seat has a large area that is 47 degrees to the center line of
the gunl room. When this area is loaded by the blast pressure, it will produce both
an outward and forward motion of the seat. The outward and forward motion of the
seat allows the rear end of the seat to quickly close the 2-3 in. distance between it
and the rear end of the quadrant. The quadrant mounting pads were secured to the
bulkhead with very weak welds. Thus, only a modest impact could dislodge the
quadrant from the bulkhead. Once it is dislodged, the position of a secondary
impact determines a handle position relative to the displaced quadrant but does not
indicate rammer speed. It must also be recognized that the welds could fail when
the pressure load is applied to the transverse bulkhead. This bulkhead was
plastically deformed by the ovcrprcssure and must have undergone a large transient
motion which would have put the welds in tension as the quadrant moved with the
bulkhead.

SNL Rammerman Seat Motion Study

An independent assessment of the rammerman's seat motion was undertaku-n at
SNL to better approximate the pressure pulse from the gas flow and to see what
effect this has on the resulting seat motion. To accomplish this, the gas and
propellant flow seat must first be approximated, and the resulting pressure loading
is applied to the seat. These two main areas of study are described separately
below.

Gas Flow Analysis

Examining the details of the calculations performed by BRL, it is noted that the
pressures determined from the hydrodynamic calculation contain a spurious
pressure spike. This is due to an artificial initial condition in which burning
propellant gases were recompressed to couple interior ballistic calculations with the
Hull hydrodynamic code. Additionally, a fixed seat was modeled in the code and
the limitations of coarse numerical gridding compromised accurate determination of
differential pressures required to estimate the loading on the seat. Finally, it is
pointed out that the hydrodynmnic code resolves a continuum flow. Continuum
flow describes a homogeneous media, i.e., solids and gases are assumed to coexist in
space. Thle bulk of tl'e kinetic energy of the open breech burn is produced by the
motion of propellant grains dispersed beyond that required for a continuum
approximlation. Indeed, m00 percent of the kinetic energy exiting tile breech is
represented by motion of the propellant grains. These grains also impact the seat.
the rammerman, and the lever, moving them. Accordingly, a better analysis of this
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event preserves the two-phase pellet/gas interaction including the reactive nature of
the gas dynamics caused by the burning propellant. A calculation of this type is
extremely computer intensive and require codes unavailable at this time.

An experimental analysis code DMC [8] was used to approximately the open-breech
event. This analysis code preserves the discrete two-phase nature of the flow, while
approximating the gas dynamics, and models individual propellant grains as two
joined spheres. Drag and pressure forces from coupled gas dynamics define the
forcing functions for a collection of propellant grains that collide and interact as the
two phase flow develops. These processes are brought together in DMC to analyze
the gas and propellant flow out of the gun, and their subsequent interaction with the
rammerman's seat. Contrary to the BRL calculations, a time varying pressurization
within the gun was included so that the resulting hydrodynamic calculations were
consistent with interior ballistic calculations.

Testing and physical evidence from the USS IOWA were used to validate the gas
flow portion of the analysis. The internal gun pressurization necessary to push the
projectile into the gun in the USS IOWA incident resulted in 21 kg. of propellant
being burned as calculated using an interior ballistic code. This was verified by
testing from NSWC-Dahlgren. This interior pressure was applied to the open-
breech tests, which included air blast gages at various distances away from the
breech. The ballistic calculation very accurately reproduced these pressure
measurements. With this validated pressure/gas flow description, the two-phase
representation of the gun room was then possible.

Figure 26 shows the initial s, tup for the DMC calculation. "lie axisymmetric model
of the breech and gun roon, are clearly visible, as well as the position of the
rammerman's seat. Figure 27 displays representative gas flow velocity vectors at
various times during the event. The spherically expanding flow is evident early, but
the interaction with the walls of the gun room quickly complicates the flow field.
Also, a jet of gases impinges very quickly on the rear of the gun room. The onset of
gas loading occurs approximately 10 msec. from the start of the event.
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Figure 26. Initial gcometry for radial symmetric DMC calculation.
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Figure 27. Gas flow field predictions from DMC.

A plot of the pressure/history on the rammerman's seat is given in Figure 28. The
peak pressure was estimated to be 187 psi, which occurred over 4 msec. of time.
Because the pressure loading is due to gas flow impinging on the rammcrman's scat,
a loss of differential pressu re occurs when the flow has arrived on the other side of
the seat. It is thus assumed that no additional loading exists on the scat after this
initial peak pressure of 187 psi.

A series of plots from the later time response due to the propellant flow is shown in
Figure 29. These plots provide some understanding of the propellant grain
interaction with the gun room and rammerman's seat and the time required for this
response. The propellant grains form a coherent Jet that arrives at the rear
bulkhead approximately 30 msec. after the gas loading is finished. As these grains
ricochet off the bulkhead, they impact additional grains arriving from the breech;
impact with the rammerman's seat doesn't occur until 100 msec. after the start of
the event.
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Figure 28. Pressure at rammiermnan's seat predicted by distributed mass/energy
source calculation. Note the absence of a nressure spike at the leading edge of the
pulse.
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Figure !9. Propellant motion predicted by DMC.

Shielding of the ranu jcrman's seat is provided by the close proxirity of the cradle
and its ancillary equipncnt used to load the projectile. Because the loading on the
seat is due to the impingement of gas flow, the shielding provides a restriction to the
total impulse applied to the seat. Areas of the seat that are assumed to be loaded by
the gas flow are shown in Figure 30. The arrows denote ihe location and directioin
of the forces apphed to the seat fol'owing the loading history described above. This
oading is shown graphically on the finite element model used to complete the

structural analysis of the rmninerman's motion. The scat motion is described in
the next section.
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Figure 30. Peessure loading assumed on rammerman's scaL

Structural Analysis of Seat Motion

The explicit analysis code ABAQUS Explicit 191 was ised for the analysis of the
rammerman's scat motion. A realistic representation 'f the seat was constructed
from the drawings of the structure; thus the rear leg was not corrected to reflect the
geometry of the "as-built" scat. The finite element r xidel used in the analysis is
shown in Figure 31. The quadrant, positioned from the drawings of the gun rom, is
modeled with a contact surface so that the interaction with the seat can be
monitored. The bulkhead was modeled as a rigid surface. The bolts attaching the
scat to the rear bulkhead were modeled as a strain softening material so that failure
after yield is approximated. The initial analysis also used elements to simulate bolts,

connect the legs to the floor.
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Figure 31. Initial finite element code geometry of seat, bulkhead and quadrant.

The mu'le! does not include a rammerman sitting on the seat. His body could have
influenced the rotation of the seat since his legs were trapped between the seat,
control handle and quadrant, further complicating the modeling of this event.
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The results from the analysis show that the seat has translated and deformed over to
the point of first contact with the quadrant at approximately 8.0 msec. after the
initial loading. The seat plastically deforms and moves such that the first contact
occurs at the lower aft mounting point of the quadrant. This is shown in Figure 32,
which shows the deformed plot of the structure at this time from behind and to the
side of the rammerman's seat (the bulkhead has been removed for clarity). The seat
has deformed and extends over to the quadrant. Also, forward and outward motion
of the seat is eviden. by the deformation of the bolts attaching the seat to the rear
bulkhead.

It is seen that the seat has contacted the quadrant at the aft rear portion of the
mounting pad. This is important because it corresponds with damage to the
quadrant from the incident, where a bolt head was apparently removed and a flat
surface was evident at this same position.

/C
TI 6llr I.00CE'3

Figure 32. Predicted contact between rammerman's seat and aft end of quadrant
8 msec. after start of pressure loading.
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Of particular interest is the direction that the seat impacts the quadrant. Figure 33
shows the view of the seat from above. It i: clear from this plot that significant
foiward directed forces exist -,n Impact. Thc stresses shown in the plot are the
VonMises stresses in these part:,ý and show that some yielding of the quadrant
material has been caused by the impact. Because of these sinilarities with the
physical evidence, it is concluded that these physical phenomena discovered from
the analyses resemble the event and can be used to form the basis for a reasonable
seat motion scenario.

C 2

Figure 33. Top view of seat when contract is first made with quadrant.
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However, it can be seen from Figure 32 that the calculation also predict- a large
deformation of the aft leg that does not appear consistent with the pho ' the
deformed seat (Figure 24a). The calculation was repeated to include t. - tontrol
handle and to remove the bolts holding the legs to the deck, but the geometry of the
aft leg was still modeled "as-designed." This analysis displayed a different bending
of the aft leg and showed that the aft leg contacted the control handle slightly before
the seat contacted the quadrant. This indicates another phenomena that would
probably influence the handle position. In the SNL model, the front end of the seat
is slowly rotating into the bulkhead. As this motion continues, the front inner
surface of the seat could contact the control handle and possibly move it. Without
the exact initial geometry of the aft leg, seat, and handle, and without considering
the effects of the rammerman, complete correlation with the physical evidence will
be very difficult.

GeoetaCon~iderations "As-Bulilt"

During the week of July 22, the USN made measurements aboard the USS IOWA
to determine how the actual rammerman station differed from that as desiSned. It
was found that:

1. The quadrant was rotated aft of the "as-designed" position with the neutral
position of the handle being at approximately 30 degrees to the vertical,
instead ef 35 degrees.

2. The rammcrn.an's seat deck mounting holes were found approximately
' 3/8 in. closer to the transverse gun room bulkhead. No remnants of bolts
were found in the holes and probing of the holes suggested that no bolts wcrc
installed.

Figure 23 has been modified in accord with these observations. However, the
computer calculations have not been redone, except to remove the leg bolts. These
observations imply that the initial distance between the seat a-nd the rear of the
quadrant was about 2-3 in., inst,:aJ of the 4 in. assumed in the earlier calculations.
Also, they confirm that the aft leg of the seat must have been modified otherwise
there would have beer. interference between the leg and the control handle because
the "as-designed" seat had been moved 1 3/8 in closer to the bulkhead.
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Regarding Motinn of the Rammerman's Sent Conclusions

The seat appears to make first contact at the rear, underside of the quadrant
mounting pad. Accordingly, there is a strong possibility that the quadrant would
have been dislodged from the bulkhead early in the event. Deformation of the aft
support leg of the seat causes contact with the rammer handle slightly before the
seat contacts the quadrant. This means that the rammer handle would also have
been knocked out position. From the photograph of the actual seat, the front edge
of the seat appears undamaged, making it difficult to correlate the potential
quadrant impact at the damage site. Large deformation of this edge would probably
be necessary to cause damage to the quadrant. Also, the pressure loading is
complex, making it difficult to definitively determine seat motion. Interaction of the
aft leg and control handle appears likely. These factors all combine to make the
damage to the quadrant an inaccurate indicator of the ramming speed.
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and vibration of ruclear waste shipping cask transportation, along with the
chairmanship of two ANSI committees writing standards for this industry. Current
assignments deal with the analysis and design of advanced re-entry vehicles.

Dr. Steven M. Harris is curre..ntly a Senior Member of the Technical staff in the
Detonating Components Division, 2513. He received his B.S. (1982), M.S. (1984).
anc, "h.D. (1988) degrees in Mechanical Engineering from Oklahoma State
University where he specialized in heat transfer and fluid flow. He joined SNL in
1988 as a Member of the Technical Stuff. He has been the project leader on the
hazards assessment project that deals with energetic material responses to abnormal
environments.
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Pal1. Hiava is currently Senior Member of the Technical Staff in charge of the
Electron Microprobe Laboratory, Division 1822. He received his B.S. in geology
from the University of Wisconsin-Madison in 1964. After some graduate work
there, he taught geology at Wisconsin State University-River Falls (now UW-RF).
He earned his M.S. in geology at the University of New Mexico in 1974. It is while
working as a research assistant under Dr. Klaus Keil in UNM's Institute of
Meteoritics that he was trained in the theory and practice of electron microprobe
analysis. His expertise is in the electron microprobe analysis of a wide variety of
alloys and ceramics; rocks and minerals; superconductors and semiconductors;
welds, brazes, and solders; failure analyses and contamination of a wide variety of
systems.

Dr. John M. Holovka is currently Supervisor of the Advanced Projects Division Ill,
9123. He received his B.S. in Chemistry from New Mexico Highlands University in
1965. and his Ph.D. in Physical Organic Chemistry from the University of Utah in
1968. He joined SNL in 1970 as a Member of the Technical Staff, and was
promoted to Supervisor in 1984. He has ten years experience in explosives
materials and component development.

Judy K. Jeweil was formerly Staff Secretary of the Components Organization. 2500.
Judy worked for eight years as a secretary before joining SNL in 1979 as a Division
Secretary. She was promoted to Department Secretary in 1983 and Staff Secretary
in 1988. In her twelve years at SNL, she has worked in the quality assurance,
safeguards, systems research, technical library, and components organizations. She
was promoted in 1991 to Executive Secretary in the ES&H and Facilities
Management, 7000, Vice Presidency.

Dennis E. Mitchell is currently Supervisor of Detonating Components Division,
2513. He has B.S. (1968) and M.S. (1969) degrees in Mechanical Engineering ftom
the University of New Mexico and specialized in dynamic response of materials to
high strain rate loading. Dennis joined SNL in 196) as a Member of the Technical
Staff and was nr.,%moted to Supervisor in 1988. Fo, 16 of the past 21 years, he was
involved in all aspects of explosives utilization, performance characterization and
application and has done research in the areas of explosive initiation. The last ten
years he has been involved in explosive component design and several studies
related to energetic materials safety. For the past two years, he has been Supervisor
of the Detonating Components Division, whose: primary responsibilities include
component design and material sensitivity and performance characterization.

J ' t is currently Manager of the Public Relations Department. 3160.
lie holds B.A. and M.A. degrees in English and journalism (Oklahonma State
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University, 1960), where he served from 1957 to 1961 as an instructor in journalism
and member of the public information office staff. He joined SNL in 1961, became
Supervisor of the Public Information Division in 1966, and assumed his present
position in 1982. He has served as a newspaper reported and editor, and acts in the
latter car.Lcity on various SNL publications.

Jr. Gerald C. Nelson is currently a Senior Member of the Technical STaff in the
Materials Compatibility and Reliability Division, 1823. He received a B.A. degree
in Physics and Math from St. Olaf College in 1962, and a Ph.D. in Physics from Iowa
State University in 1967. Gerald has used surface analytical techniques to study
mat-rials problems for more than 18 years. He currently specializes in the
application of surface analytical techniques to the study of segregation, diffusion,
and corrosion of thin films and alloys.

Dr Karl W Sehulei is currently a Distinguished Meiber of the Technical Staff In
the Applied Mechanics Division, 1544. He received his B.S. in Mechanical
Engineering from Pratt Institute in 1962 and his Ph.D. in Mechanics from the
Illinois Institute of Technology in 1967. H•e joined SNL that same year as a Member
of the Technical Staff, and was promoted to Distinguished Member of the Technical
Staff in 1985. While at SNL, he has worked on a variety of analytical and
experimental programs related to viscoelastic wave propagation in polymers,
dynamic loading of oil shale, and stress wave propagation in complex weapons
structures. He has designed experimental apparatus for high-pressure research,
centrifuge testing of geotechnical models, and hypervelocity launchers.

Dr. David R. Tallant is currently a Senior Member of the Technical Staff In the
Chemical Instrumentation Research Division, 1821. He received his B.S. in
Chemistry from the University of Wisconsin in 1967 and his M.S. in Analytical
Chemistry from the same university in 1968. He served four years in the U.S. Army
and was discharged In 1972 having attained the rank of Captain. lie received his
Ph.D. in Analytical Chemistry from the University of Wisconsin in 1976 and joined
SNL that same year. While at SNL, he has worked on a variety of projects in
analytical chemistry, cleaning and contamination control, and high-temperature
materials. His area of expertise includes Raman and fluorescence spectroscopic
techniques.

Linda M. Viil lnpez was formerly Administrative As tant to Dr. Richard L
Schwoebel, Director of Components, Organization 2500. She received her B.S. in
Biology from the University of Albuquerque in 1969 and her M.A. in Public
Administration from the University of New Mexico in 1979. She joined SNL in
1984, after 15 years of service with the State of New Mexico, the U.S. Equal
Employment Opportunity Commission, and the U.S. Bureau of Land Management.
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